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LEDs in frequency-domain spectroscopy of tissues

Maria Angela Franceschini*, Sergio Fantini*, and Enrico Gratton

Laboratory for Fluorescence Dynamics, University of Illinois at Urbana-Champaign,
1 1 10 West Green Street, Urbana, Illinois 61801-3080

address: Istituto di Elettronica Quantistica-Consiglio Nazionale delle Ricerche,
Via Panciatichi, 56/30, 50127 Firenze, Italy

ABSTRACT

Light spectroscopy in the frequency-domain has been used to study the optical properties of biological
tissues. We have analyzed the possibility of using light emitting diodes (LEDs) as intensity modulated light
sources for frequency-domain spectroscopy. The use of LEDs presents several advantages: one LED's
output covers a spectral region of about 80 nm, and commercially available LEDs allow for the coverage of
the spectral range from 550 to 900 nm, which is a region of interest in near infrared medical applications;
the light output of an LED is stable with respect to that of lasers and lamps; the wide angular disthbution
make LEDs safe for in vivo studies. Furthermore, LED frequency-domain spectroscopy is a relatively
inexpensive technique. We describe some circuits we used to modulate the intensity of LEDs at radio
frequency, and point out the possibility of building a multi-source spectrometer. Some applications of LED
frequency-domain spectroscopy, both in vitro and in vivo, are shown.

1. INTRODUCTION

Light spectroscopy is an attractive tool for studying tissues since it utilizes non ionizing radiation and can be
applied in vivo non invasively.1'2'3 In the near-IR optical window, from 700 to about 900 nm, light can
penetrate in tissues for about 5—6 cm, while at shorter and longer wavelengths, the higher extinction
coefficients of hemoglobin and water respectively determine a stronger attenuation of light. Since tissues,
with few exceptions, are multiply scattering media,4 light spectroscopy of tissues deals with the problem of
separating the effects of absorption and scattering on the properties of light propagation. One of the
techniques developed to separate absorption from scattering properties is a frequency-domain method, in
which an intensity modulated light source is employed.5'6 The modulation frequency of the light source
typically ranges from tens to hundreds of megahertz, and the placement of the detector relative to the source
can be either on the opposite side of the sample (transmittance measurement) or on the same side of the
sample (reflectance measurement).1'2'7 In either case, the light detected is attenuated and phase delayed with
respect to the light source. The measured quantities are the average intensity (DC component), the amplitude
of the intensity oscillation (AC component), and the phase shift (cIi) of the detected signal relative to the
exciting signal. The possibility of separating the effect of absorption and scattering arises from the fact that
AC, DC, and phase have different dependencies on the absorption (pta) and transport scattering (i')
coefficients of the medium.

In this work, we study the possibility of using light emitting diodes (LEDs) as the light sources in
frequency-domain spectroscopy. Beyond the basic requirement of providing an efficiently modulated light
source when total light intensity is not a limiting factor, LEDs present several advantages, both from a
general and from an applicative standpoint. We will discuss these advantages, and we will also show some
results, both in vitro and in vivo, that have been obtained via LED frequency-domain spectroscopy.
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2. PROPERTIES OF INTENSITY MODULATED LEDs

Light emitting diodes emit photons as a result of hole-electron recombinations in a semiconductor p-n
junction. The light emitted is incoherent and concentrated in a bandwidth whose peak wavelength is
sensitive to temperature and may depend on the way the LED is powered, i.e., by using DC and/or by a
time varying signal. The property of LEDs that makes them suitable devices for frequency-domain
applications is their fast response times, with these times being typically in the nanosecond range. We will
now discuss in detail the properties of LEDs related to their use in frequency-domain spectroscopy. These
properties account for the interest in using LEDs to build portable medical instrumentation.

2.1. Spectral wideband

The spectral emission of one LED usually covers a region extending 40—80 nanometers. This
property of the emitted light, in conjunction with the use of filters or monochromators, provides the
possibility of measuring spectra. At present, such a possibility is offered only by white sources like arc
lamps, which have the disadvantage of being not efficiently modulated, namely, they emit a low power per
unit bandwidth8 (typically hundreds of nanowatt per nanometer) when they are modulated by means of a
Pockel's cell. Absorption spectra have also been measured using lasers,9 but this method requires a
repetition of the same experimental protocol at each wavelength studied and wide band tunable lasers are
expensive. We observe that by superimposing the spectral emission of several LEDs, it is possible to cover
the optical range from 550 to 900 nm, which is of medical interest. Figure 1 shows the output of a number
of commercially available LEDs in this spectral range.
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Fig. 1. Spectral emission of 9
different LEDs whose peak
wavelengths range from 570 to
870 nm. The superposition of these
spectra yields a "white" light source
in the optical window from 550 to
900 nm. Normalizing the spectra
obscures the fact that long
wavelength LEDs typically have
higher power. The spectra of the
LEDs were measured with an Optical
Multichannel Analyzer (Princeton
Instruments, Inc. ST-120), while the
LEDs were modulated at 20 MHz
(curves 1 to 3) and 60 MHz (curves 4
to 9); the green (1), yellow (2), and
orange (3) LEDs could not be effi-
ciently modulated at frequencies
higher than 20 MHz. The numbered
spectra refer to the following devices
(we list manufacturer, Part #, and
approximate integrated power
emission under the given modulating
condition): (Hewlett Packard: hp)
(1) hp:HLMP-3502, 0.002 mW;
(2) hp:HLMP-3400, 0.006 mW;
(3) hp:HLMP-D401, 0.009 mW;
(4) hp:HLMP-4101, 0.2 mW;

900 (5) hp:HEMT-6000, 0.3 mW;
(6) ABB HAFO: 1A330, 0.5 mW;
(7) hp: HLP3ORG B, 7 mW;
(8) Motorola: MFOE12O3, 1.5 mW;
(9) ABB HAFO: 1A277A, 1 mW.

500 600 700 800

Wavelength (nm)
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2.2. Intensity stability

The intensity output of an LED is very stable with respect to that of lasers and lamps. We compared the DC
intensity fluctuations of an LED (Hewlett Packard HEMT-6000, peak 7 10 nm), with those of the
following light sources: a diode laser (Sony SLD1O4AV, = 780 nm); a Rhodamine dye laser (Coherent

___________________________________________________ 700, ?=58O nm), pumped by
a mode locked Nd:YAG laser
(Coherent 76-S); and a Xenon
arc lamp (ILC 300 W,
?Lselected = 500 nm) using a
Pockel's cell modulator. All of
the above mentioned light
sources were modulated at
120 MHz. All measurements
were performed with the same
instrument (ISS K2: ISS Inc.,
Champaign, IL). The result,
which is graphically shown in
Figure 2, demonstrates that
only the diode laser has
fluctuations comparable to
those of the LED. The average
relative intensity fluctuations
(defined as

_i_ II—(I)I

N(1)

where N is the number of data
points) in the four cases are
0.078% (LED), 0.098%
(diode laser), 1.0% (dye
laser), and 1.3% (arc lamp).

2.3. Ease of intensity modulation

To turn on an LED, a forward voltage greater than about 1 .6 V and a current of 10 to 100 mA are
required. The modulation of the light intensity of an LED can be accomplished by supplying it with a time
varying signal, realizing a condition in which the required voltage and current are supplied only for a
fraction of the exciting signal cycle. A DC bias may be applied to the LED for setting its quiescent working
point close to threshold. We have not found any improvement in the efficiency of modulation by biasing the
LED. The reverse voltage can be eliminated by using a clamping diode. We have studied several circuits to
modulate LEDs. We now describe the configurations we found most effective.

The first scheme (Fig. 3a), is the most straightforward we have used. The radio frequency voltage is sent
to the LED via a parallel RC circuit, where R (502) is used to match the impedance of the generator, and
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Fig. 2: Normalized and shifted intensity of an LED, a diode laser, a dye
laser and an arc lamp in 120 MHz modulation conditions.
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C (--pF) is a compensating capacitor. A clamping diode (D) is used to prevent the LED from being reverse
biased. The nominal voltage amplitude of the RF source is about 25 dBm, which corresponds to a peak to
peak excitation of about 10 V. We observe that a forward voltage greater than the maximum DC rating
(typically 2—3 V) can be applied because of the series resistor.

RF
D v::o_Ij1.

(b)

74AC04
—

) I
(c ) Cc.1)

1.RFt.
R;1a-II-

Cc.2)

Cc.3)

*RFN2222

The second scheme (Fig. 3b) employs an inverter (model 74AC04) as the LED driver. The idea is to drive
the LED output alternatively on the upper and lower TTL levels (0-5 V) by the radio frequency signal at the
input. The input is DC biased (+4 V in our case) by the R1, R2 voltage divider in order to make the wave
input symmetric with respect to the threshold voltage, while the inductor L ('-100 .tH) and the capacitor C
('-0. 1 tF) separate the DC and AC supplies. In this scheme, the DC voltage supply of the inverter (V) is
kept higher than its typical value (7—8 V instead of 5 V) in order to provide enough current to the LED.
The amplitude of the RF voltage signal is lower than that of the preceding scheme (Fig. 3a), because it is
now utilized only to drive the inverter gate. We have employed signal amplitudes of 10 to 15 dBm. A TTL
frequency source should work equally well.

The third scheme (Fig. 3c) exploits the possibility offered by the preceding circuit (Fig. 3b) of driving a
number of LEDs by a multiplexing method. The rate of multiplexing is determined by a clock through a
binary counter (model CD4024) which drives the demultiplexer (model 74RC23. The output lres oc the
demultiplexer, which are enabled one at a time, close (when enabled) or open (when disabled) b a switch
through which the RF signal is sent to the LED. This switch can be made by a relay (Magnecraft
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Fig. 3: Circuit configuration for intensity modulating LEDs: (a) Direct RF supply. (b) Supply from an
inverter TTL output. (c) Multiplexing of a number of LED. The switch driven by the demultiplexer can be
realized by: (c.1) a relay; (c.2) an AND gate; (c.3) a transistor.
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W17 1DIP-2) (Fig. 3c. 1), an AND gate (model 74AC08) (Fig. 3c.2), or a transistor (model 2N2222)
(Fig. 3c.3).

The circuits described above enabled us to obtain modulation frequencies limited only by the intrinsic
response times of the LED. Among the LEDs we have tested, visible LEDs were efficiently modulated at
frequencies up to 20 MHz (#1—3 in Fig. 1) and 60 MHz (#4 in Fig. 1), while JR LEDs (#5—9 in Fig. 1)
could be modulated up to 150 MHz.

2.4. Safety

The light power emitted by LEDs is typically less than 10 milliwatt and is distributed over a wide solid
angle. This property makes LEDs safe for medical applications. We observe that, when modulated at radio
frequency, visible LEDs emit a smaller optical power (10—100 jtW) than JR LEDs (0.5—10 mW).

2.5. Cost effectiveness and portability

Most LEDs are inexpensive with respect to lasers and arc lamps. Furthermore, the frequency-domain
method allows for compact instrumentation which can be made portable, and is relatively inexpensive (less
than $30,000). These features allows for low cost medical applications.

3. APPLICATIONS

Several studies have been conducted, and more are
being performed, in order to show the effectiveness
of LED frequency-domain spectroscopy.

a) We have obtained a quantitative measurement of
the absorption spectrum of a chromophore diluted in
a macroscopically homogeneous multiply scattering
medium10. The LED employed in that case (Hewlett
Packard HLMP-4101, peak wavelength 665 nm),
which was modulated at 60 MHz and had a power of
about 200 .tW, was immersed in the medium. The
result of this measurement is shown in Figure 4
where the measured spectra of the absorption
coefficient are compared to the spectra for the
same concentration of absorber measured in a non
scattering regime by a standard spectrophotometer.

b) Measurements in vivo have been performed by 0.
Gratton et a!. on the brain, using the LED frequency-
domain technique.11 In this work two LEDs
(Hewlett Packard HEMT-6000) with peak
wavelength of 7 1 5 nm, modulated at 60 MHz, and
emitting a power of about 300 .tW were employed.
This work shows that this optical method can
provide records of rapid physiological changes in the
brain during behavioral tasks. The LEDs were
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Fig. 4: Quantitative comparison between Methylene
Blue (MB) absorption coefficients measured in the
strongly scattering medium by the LED technique
(symbols) and in a non-scattering regime by a
spectrophotometer (lines). The spectra correspond to
MB concentrations of 0.090, 0.225, and O.450j.tM as
labeled. Errors bars for the experimental data relative to
the strongly scattering medium are shown every 20 nm.

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/29/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



placed on the surface of the scalp at about
3 cm to the left and right of the vertex. The
subject was asked to tap with the right hand
(at a rate synchronized by a metronome at
0.8 Hz), so that the right (left) LED recorded
the ipsilateral (contralateral) signal. The
acquisition time was 40 ms per data point. In
Figure 5, the Fourier transform of the
detected DC signal is shown and, apart from
the evident component at about 1 Hz related
to the heart beat, a difference between the
contralateral and ipsilateral signals is visible
at 0.8 Hz.

c) A similar method, applied to the forehead
of a volunteer, has provided a real time

(' .1 ' 1 £4 F%
monitor for fast processes related to the heart

U I ) '+ 5 0 beat (time scale of about 1 sec.) and slower
Frequency (Hz) processes (time scale of about 12 sec.)

whose origin is not clear yet.12 A typical DC
Fig. 5: Fourier analysis of the DC intensity collected in intensity diagram is reported in Figure 6.
ipsilateral and contralateral recording conditions during the hand The relation between the blood flow and the
tapping period (hand tapping rate 0.8 Hz). rapid intensity oscillations is shown by their

attenuation, which was obtained by com-
pressing one of the carotids (the compression was started 15 sec. after the beginning of the measurement).
We note that the slow oscillations seem not to be affected by the compression of the carotid.

More studies which take advantage of the multi-source possibility offered by LEDs are being conducted.
Preliminary results show the capability of LED frequency-domain spectroscopy of non-invasively
measuring several optical parameters of tissues in vivo.
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Fig. 6: DC intensity signal collected on the forehead. The effect of the compression of the
carotid is visible in the last 15 seconds of the measurement.
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4. DISCUSSION

This work shows the potential of using LEDs as light sources in frequency-domain spectroscopy.
We have discussed several advantages offered by LEDs over other typical light sources. However, there are
also disadvantages. For instance, the emitted power and the maximum modulation frequency are limited,
and the coupling to optical fibers is not very efficient. The choice of LEDs is then subject to a critical
evaluation depending on the features required by the specific measurement. We emphasize the possibility of
using multiplexing circuits to drive a number of LEDs. This multi-source principle, in conjunction with a
multi-detector geometry, can provide a method for imaging and tomographic reconstruction of tissues.
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