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The transmission of light through tissue is used in noninvasive monitoring, in particular
photoplethysmography. Investigations involving the transmission of wavelengths absorbed by bi-
lirubin (short wavelength visible light) have been limited, due to strong absorption by haemoglobin.
Achieving transmission of these wavelengths through tissue may advance noninvasive monitoring
of substances like bilirubin. This work investigates the use of high power light sources together
with improvements in signal-to-noise ratio as a means of enabling the transmission of strongly ab-
sorbed light through tissue. A custom device using multiple high-power short-wavelength visible
light sources together with low power red and infrared sources, and background light cancellation
– to improve signal-to-noise ratio, was constructed. Transmission of 454–1200 nm light through
tissue was achieved, with pulsations present in measured signals. The transmission through tissue
of multiple wavelengths of strongly absorbed light can be achieved by using high power light sourc-
es in conjunction with cancelling the effect of background light. Use of these techniques may allow
investigations into the noninvasive monitoring of substances such as bilirubin using photoplethys-
mography.

Keywords: biomedical photonics, LED energisation, noise cancellation, photodiode, pulsed circuitry,
absorption, noninvasive, photoplethysmography, pulse oximetry, transmission.

1. Introduction

The interaction of light with tissue is the basis for noninvasive monitoring instruments
such as pulse oximeters [1–3]. Pulse oximetry has traditionally used red and infrared
light [2, 3], which is moderately absorbed by haemoglobin [4, 5].

Observing the interaction of additional wavelengths of light with tissue may be
useful because some components of blood absorb very little of the wavelengths used
in pulse oximetry but absorb other wavelengths strongly, e.g., bilirubin and water
(Fig. 1 shows part of the bilirubin, water and haemoglobin absorption spectra). This
has been investigated by several groups:
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– MANZKE et al. [6], BARKER et al. [7], MACKNET et al. [8, 9] and SUZAKI et al. [10]
used multiple red and infrared wavelengths to monitor dyshaemoglobins and total
blood haemoglobin (tHb) using pulse oximetry techniques.

– FINE et al. [11] investigated the transmission of multiple red and infrared
wavelengths (637–1310 nm) through occluded fingers for monitoring blood glucose,
tHb concentration and arterial haemoglobin oxygenation (SaO2). The reported results
indicated that some features of measured signals may have been related to these blood
parameters.

– MAURO et al. [12] investigated the use of infrared wavelengths (around 1600 nm)
for noninvasive blood glucose monitoring.

– BENARON et al. [13, 14] directed broadband light (blue to infrared) onto tissue,
via optical fibres, and analysed the (nonpulsatile) spectrum of the reflected light, for
monitoring the oxygenation of local areas of tissue.

– JAY et al. [15] directed white light onto tissue and analysed the (nonpulsatile)
spectrum of the reflected light for noninvasively estimating tHb.

– YOON et al. [16] performed photoplethysmography in transmission mode using
569 nm (yellow) and 805 nm (infrared) light for noninvasively estimating tHb.

Haemoglobin strongly absorbs light with wavelengths shorter than approximately
600 nm, and bilirubin strongly absorbs light with wavelengths shorter than approxi-
mately 500 nm (Fig. 1). This results in low transmission of these wavelengths through
tissue, making investigations more difficult than when red and infrared light are used.
None of the above investigations involved photoplethysmography with wavelengths
of light that are absorbed by bilirubin.

Achieving the transmission of several wavelengths of light (including strongly
absorbed light) through tissue may advance noninvasive monitoring, and allow
the noninvasive estimation of substances such as bilirubin using photoplethysmogra-
phy to be investigated more readily.
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Fig. 1. Bilirubin, haemoglobin and water extinction/absorption coefficients [5, 17–23].
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Figure 1 indicates that the oxyhaemoglobin extinction coefficient for 470 nm (blue)
light is approximately 15 times larger than for 940 nm infrared light. Transmission is
inversely related to the exponential of the extinction coefficient [24], hence the larger
extinction coefficient for 470 nm light corresponds to a very large reduction in trans-
mission of 470 nm, compared to 940 nm light. The use of high power light sources
may increase the transmission of strongly absorbed light. For example, the Luxeon®
Rebel high power 470 nm LED (LXML PB01 0013) emits 435 mW radiant power [25],
whereas the 940 nm Roithner Lasertechnik LED (OPE5194WK) emits 11.3 mW radi-
ant power [26]. That is, the high power blue LED emits approximately 40 times more
power than the infrared LED. This can improve transmission of strongly absorbed
light, but the improvement will only partially offset the very strong absorption, hence
signals generated with these wavelengths (<600 nm) are expected to be weak. To cope
with weak signals, the signal-to-noise ratio (SNR) should be maximised.

This paper describes the design of an instrument, utilising high power light sources
and a noise cancellation technique, for investigating the transmission of multiple wave-
lengths of light (including blue, green, amber, red and infrared) through vascularised
tissue. Results obtained with the device have been used to investigate the effects of
blood vessel calibre and total haemoglobin (tHb) on pulse oximetry [27].

2. Methods
An instrument was made for: transmitting a broad range of light (455–1200 nm)
through tissue, measuring the intensity of light transmitted, and removing the contri-
bution of background light to the apparent transmitted light intensity. The instrument
contained a light emitting diode (LED) probe, a light sensor probe and a background
light sensor. Ethics approval was obtained (Flinders Clinical Research Ethics Com-
mittee) for using the instrument on human subjects.

2.1. LED probe
Eleven LEDs were used as light sources. They were chosen from those commercially
available, to include wavelengths normally used in pulse oximetry (approximately 660
and 940 nm [28]) as well as encompassing parts of the spectrum where a wide range
of absorption coefficients for the major absorbers in blood (haemoglobin, bilirubin and
water – Fig. 1) occurred. The LEDs used were:

1. High-power LEDs (3 mm×4.5 mm×2 mm, surface mount):
– 455 nm, LXML-PR01-0275 (Luxeon® Rebel);
– 470 nm, LXML-PB01-0013 (Luxeon® Rebel);
– 505 nm, LXML-PE01-0040 (Luxeon® Rebel);
– 530 nm, LXML-PM01-0050 (Luxeon® Rebel);
– 590 nm, LXML-PL01-0030 (Luxeon® Rebel);
– 620 nm, LXML-PH01-0050 (Luxeon® Rebel).
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2. LEDs in a 5 mm domed casing:
– 660 nm, L1513SRC-E (Kingbright);
– 780 nm, ELD-780-524 (Roithner Lasertechnik);
– 810 nm, ELD-810-525 (Roithner Lasertechnik);
– 940 nm, OPE5194WK (Roithner Lasertechnik);
– 1200 nm, LED1200-03 (Roithner Lasertechnik).

The high-power LEDs had large heat dissipation requirements. Normally these
requirements can be met by devoting a 10 mm×10 mm circuit board area to each
LED [25], but this may not be practical in the confined space of a probe. Instead
the high-power LEDs were connected to extension wires in the centre of a circuit board
and mounted on a heatsink (at a 10 mm pitch circle diameter (PCD)) whereas the 5 mm
domed LEDs were soldered directly onto the circuit board (on a 20 mm PCD) as shown
in Fig. 2. This posed a challenge regarding focusing all LEDs onto a relatively small
area (e.g., a fingertip). 

5 mm domed LED

Luxeon® Rebel

Fig. 2. LEDs connected to circuit board, and heatsink for the high-power LEDs.

Fig. 3. Eleven LED probes cross-section, showing the light paths within the multi-part lens arrangement.
1 – 5 mm domed LED, 2 – high-power LED, 3 – aluminium heatsink, 4 – hemispherical lens, 5 – inter-
mediate lens/holder, 6 – top lens, 7 – circuit board.
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The focusing requirements for the two groups of LEDs differed. The high-power
LEDs radiated light throughout wide arcs [25], and were located close to the centre of
the probe. The 5 mm domed LEDs radiated light over relatively narrow arcs [26,
29–32], but were located further from the centre of the probe. A multi-part lens ar-
rangement (Fig. 3) was used to focus and direct the output of the LEDs. Hemispherical
lenses (2.5 mm radius) were used to focus light from the high-power LEDs. These
lenses were held in place by an intermediate lens – which also served to partially direct
the output of the 5 mm domed LEDs to the centre of the probe. A top lens directed
the output of the intermediate and hemispherical lenses to the centre of the probe. Light
from all LEDs was focused onto the centre of the top lens. The lens arrangement is
shown in Figure 2.

The LED probe was assembled with a retainer over the lenses (Fig. 4) which served
to keep the lens components in place and to confine the light output to a small area.

2.2. Light sensor probe

To detect the wideband of wavelengths produced by the LED probe, the light sensor
probe (Fig. 5) contained two photodiodes; one (Osram BPW 34 B) was sensitive to
visible and short wavelength infrared light, and the other (Roithner Lasertechnik
PT611) was sensitive to longer wavelength infrared light (from the 1200 nm LED).

Spectral responses of these photodiodes are shown in Fig. 6, which identifies that
photodiode sensitivity was wavelength dependent (e.g., BPW 34 B response at 470 nm
was approximately 50% of the response at 810 nm).

Fig. 4. LED probe, with lens uncovered (a) and with the retainer over the lens (b).

a b

Fig. 5. Light sensor probe containing PT611 and BPW 34 B
photodiodes.

PT611

BPW 34 B
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To facilitate measuring the intensity of light transmitted through tissue (e.g., a fin-
ger), the LED and light sensor probes were mounted in a holding fixture, similar to
a pulse oximeter finger probe (Fig. 7).

2.3. Background light sensor

The background light sensor had minor differences to the light sensor probe:
– The background light sensor was mounted remotely to the light sensor probe.
– A PT511 photodiode was used in the background light sensor instead of a PT611.

The PT511 had the same spectral response as the PT611 [34, 35] (Fig. 6) but had
a smaller diode area. This decreased the output of the sensor for infrared light, which
compensated for the greater light intensity striking the background light sensor com-
pared to the light sensor probe.

2.4. Noise cancellation

Intermittently energising all the LEDs, in turn, provided intervals of zero excitation,
where background light could be sampled. Energisation signals for the 11 LEDs, to-
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Fig. 6. Spectral responses of the photodiodes in the light sensor probe: BPW 34 B [33] (a), PT611 [34] (b).

Fig. 7. LED and light sensor probes in the holding fixture.
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gether with measurements from the light sensor and background light sensor, were cap-
tured. A waveform, corresponding to the intensity of transmitted light for each LED,
was generated from this captured data (Fig. 8). This involved assigning the light sensor
output to a LED, and removing the effect of background light by either background
correction (calculated using Eqs. (1)–(3)) or baseline correction Eq. (4). Background
correction was used when the minimum background light sensor output was above
0.5% of full scale, and baseline correction was used otherwise.

The waveform generation process, for the first flash of the 470 nm LED in Fig. 8
follows.

The 470 nm LED was energized at sample number 8 (Fig. 8). The outputs of
the light sensor at sample number 8 were attributed to the LED plus background light.
The outputs of the background light sensor immediately before and after the 470 nm
LED was energized (sample numbers 4 and 14) were attributed to background lighting.

The background corrected light transmission data was calculated as:

(1)

The scaling factor  in Eq. (1) was found from the periods where LEDs were not
energised. During these periods, the background light corrected data must be zero.
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Fig. 8. LED energisation signals and visible and infrared (IR) light sensor signals.
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The scaling factor β  in Eq. (2) was calculated for each interval where LEDs were
not energized, and the mean value  before and after each period of LED energisation,
was used in determining the background corrected data

(3)

where Sensorpre – light sensor output before LED energisation, Sensorpost – light sensor
output after LED energisation, Bkgndpre – background sensor output before LED en-
ergisation, Bkgndpost – background sensor output after LED energisation.

The baseline corrected visible light transmission data was calculated as:

(4)

where SensorLED denotes light sensor output when LED energised.

2.5. Measurement procedures

Taking measurements of light transmission through an appendage (e.g., a finger) with
the instrument involved the following steps:

– The LED and light sensor probes and holding fixture (Fig. 7) were placed on
the appendage.

– The voltages used to energize the LEDs, as well as the light and background sen-
sor outputs were recorded every 0.1 ms, for a desired length of time.

– Background or baseline correction was applied, resulting in outputs for trans-
mitted light intensity every 11 ms for all LEDs.

– The light sensor outputs (every 11 ms) were stored in a tab delimited data file,
for subsequent analysis.

2.6. Energy delivered to tissue

The power per unit area delivered to tissue by the LED probe was calculated, for com-
parison to the safe exposure limit, published by the Australian Radiation Protection
and Nuclear Safety Agency [36].

3. Results

Figure 9 shows an example of light transmission through a subject’s finger, measured
with the instrument described here. No signal processing, apart from background can-
cellation, was applied. No offsets were applied, but scalar multiplication of individual
signals was used, to enable them to be seen clearly on the graph with minimal over-
lapping. The scaling factors used were: 7.1 (455 nm), 9.1 (470 nm), 12.8 (505 nm),
15.9 (525 nm), 2.4 (590 nm), 2.8 (620 nm), 2.5 (660 nm), 1.1 (780 nm), 2.1 (810 nm),

β

β 1
2

-------
Sensorpre

Bkgndpre
--------------------------

Sensorpost

Bkgndpost
-----------------------------+=

Baseline corrected data SensorLED
1
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2.4 (940 nm), 9.2 (1200 nm). Figure 10 shows light transmission measurements
through a subject’s finger, using a similar instrument [37], that did not employ back-
ground cancellation. Less noise is evident in Fig. 9, where the data was obtained using
background light cancellation.

The power per unit area delivered to tissue by the LED probe was calculated as
661 W/m2.

4. Discussion
4.1. Design options
4.1.1. Wavelength specificity 

Light from multiple, wavelength-specific sources (LEDs) was directed onto tissue one
at a time, while the intensity of light emerging from tissue, was measured using a wide-
band light sensor. This method is employed in pulse oximeters [2, 3, 38]. The trans-
mission of a range of wavelengths of light through tissue could also be measured by
directing broad spectrum (e.g., white to infrared) light onto tissue and spectrum ana-
lysing the light emerging from tissue.
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Fig. 9. Light transmission measured with the background cancellation instrument.
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Whichever of these two methods were used, very bright light would be required to
achieve transmission of blue and green light through tissue. Using separate sources for
each wavelength enabled bright light to be used for the wavelengths that transmit poor-
ly through tissue, and low intensity light to be used for the more easily transmitted
wavelengths. This resulted in overall lower energy delivered to tissue than could have
been if a single broad spectrum bright light source were used, and was relatively in-
expensive to implement.

4.1.2. Directing light onto tissue

Light from multiple sources was directed onto tissue by locating sources, together with
focusing lenses and a heatsink in a probe. This could also be achieved by locating light
sources, heatsinks and focusing lenses remotely and using fibre optic light guides to
transport light to tissue. The fibre optic option was not used here because a miniaturized
probe was not required, and low-cost was required, for the research device.

4.2. Background light

A 100 Hz component, due to fluorescent lighting used in the room, can be seen in
the “background visible” signal in Fig. 8. This component is also evident in the “probe
visible” signal. Testing during development of the instrument described here, demon-
strated that periodic components, due to background lighting, were evident even when
thick black cloth was placed over the probe.

Two methods of background light removal were used here because the level of
background light can vary. In cases where the background light signal was very weak,
the background cancellation algorithm, in Eqs. (1)–(3), would not be required. In fact
the use of this algorithm could have been detrimental to the quality of data obtained
from the system when the background light sensor output (the denominators in Eq. (3))
was very small, because very small denominators would lead to very large corrections.
So any small imprecision in the estimation of the background light could lead to much
larger imprecision when removing background light from signals. In these cases base-
line correction, in Eq. (4), was more appropriate. Baseline correction can remove noise
from signals, but if the noise changes from the time the baseline is measured (when
the LED is off ) to the time the signal is measured (when the LED is on), baseline cor-
rection becomes less effective and noise cancellation should be used.

The effect of background lighting may also be removed with frequency selective
filters, but this can only be successful when there are no frequency components of
the background light that are close to the frequency of the measured signals.

4.3. Spectral response

The wavelength dependence of photodiode response (as seen in Fig. 6) is equivalent
to LED-dependent scalar multiplication of the data obtained with the photodiodes.
This does not affect subsequent data analysis providing that parameters analysed are
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relative to the measured signals. For instance pulsatile attenuation, as used in pulse
oximetry [1], is unaffected by scalar multiplication of light sensor output – as can be
seen in the following equation [1]: 

(5)

Multiplication of the light intensity at diastole and systole by the same scalar has no
effect.

4.4. Light transmission measurements

Figure 9 demonstrates that useful pulsatile transmission of blue to infrared light
through tissue can be achieved when the combination of high power light sources and
noise compensation is used for the wavelengths of light that are strongly absorbed by
blood. The 1200 nm signal was quite weak – due to the low absorption of 1200 nm
light by haemoglobin, but pulsatile components in phase with those seen in the signals
from the other wavelengths are evident.

The magnitude of pulsations differed for different wavelengths, as seen in Fig. 9.
This occurred because, at least in part, these magnitudes are affected by the attenuation
of each wavelength by blood compared to surrounding tissue [39], and the effect of
discrete blood vessels [27, 40].

The transmission of blue to infrared light through tissue, using these techniques,
can enable investigations into the interaction of these wavelengths with tissue, which
may advance noninvasive monitoring. By analysing pulsatile attenuations in the fin-
gers of test subjects with known tHb and peripheral temperature, acquired with the in-
strument described here, a tendency for pulse oximetry to overestimate normal SaO2
when blood vessel calibre is small and tHb is low was seen [27].

4.5. Energy delivered to tissue

Very bright LEDs were used in the instrument described here. This goes hand in hand
with a risk of damaging tissue with excessive radiant energy. The Australian Radiation
Protection and Nuclear Safety Agency do not publish safe exposure limits for visible
and infrared light, but do publish the 8-hour exposure limit for 400 nm light onto bare
skin – 1 MJ/m2 [36]. Although the LEDs, used in the instrument described here, all
emitted light with wavelengths longer than 400 nm, comparing the energy delivered
to the 8-hour exposure limit for 400 nm light, provides a means of determining the safe-
ty of the instrument.

At the power per unit area delivered to tissue by the instrument described here
(661 W/m2), it would take approximately 25 minutes for the 8-hour exposure limit to
be reached. This indicates that the instrument would be safe to use for measuring
the light transmission through tissue for a few minutes at a time. However it should

Pulsatile attenuation Max transmitted light intensity (diastole)
Min transmitted light intensity (systole)

--------------------------------------------------------------------------------------------------------
⎝ ⎠
⎜ ⎟
⎛ ⎞

log=
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not be placed on subjects for extended periods – as would occur if used for continuous
monitoring.

5. Conclusions
The transmission through tissue, of multiple wavelengths of strongly absorbed light,
can be achieved by using high power light sources in conjunction with cancellation of
background light. Managing the heat dissipation requirements of multiple light sources
as well as focusing their output onto tissue can be achieved by incorporating heatsinks
and multi-part lenses within a probe. Use of these techniques may advance investiga-
tions into the noninvasive monitoring of substances such as bilirubin using photo-
plethysmography. Noninvasive monitoring devices using high powered LEDs, such
as the one described here, may be safe to use for measuring the light transmission
through tissue for a few minutes at a time; however the emission of large amounts of
light energy, onto tissue, may exceed safe exposure levels if used for extended periods,
consequently such devices should not be placed on subjects for extended periods – as
would occur if used for continuous monitoring.
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