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Abstract— Photoacoustic microscopy is an emerging 
technology that holds great potential of delivering a non-invasive, 
high contrast, label free biomedical imaging modality as well as 
high sensitivity and specificity disease diagnostic technique. 
However, despite significant progress having been reported in 
refining the technique, its clinical uptake is slow. This can be 
attributed to a number of factors which include; complex, bulky 
and expensive instrumentation. It is therefore necessary to 
address these drawbacks in order for the benefits of the 
technique to be felt in the health care sector. This paper describes 
a simple technique for detection of induced photoacoustic 
pressure in tissue by monitoring modulation of scattered light in 
tissue during photoacoustic excitation session. The technique can 
be applied in diagnosis of blood related diseases such as malaria, 
anemia and detection of circulating tumor cells. 

Keywords— Photoacoustic modulated optical scattering, 
chromophores, probe beam, photoacoustic excitation beam. 

I.  INTRODUCTION 

Photoacoustic effect is a process through which acoustic 
waves are emitted when chromophores (light absorbing 
molecules) are irradiated with optical energy. The technique 
was discovered in 1880s by Alexander Graham Bell  in an 
attempt to encode sound using light for transmission and 
eventually decode it upon reception [1]. The technique was 
later employed in gas sensing using Photoacoustic (PA) 
spectroscopy [2,3]. Recently, PA has been applied in medical 
functional and anatomical imaging [4 - 10] as well as disease 
diagnostics [11 - 15]. Ability to image label free samples, in 
vivo operation, high sensitivity in differentiating various bio-
molecules, safety due to use of optical radiation, relatively 
simple instrumentation compared to other imaging modalities 
such as nuclear magnetic resonance imaging and X-ray 
computed tomography are some of the advantages of the PA 
imaging. 

The reported PA imaging systems however require use of 
high power nanosecond pulsed laser sources, high frequency 
ultrasonic (US) transducers and high bandwidth, low noise 
lock-in amplifiers which makes the system bulky, expensive 
and non-ideal for clinical use. Besides the high power laser 
sources pose a risk of tissue damage if the maximum laser 
power exposure limits as stipulated by American National 
Standards Institute (ANSI) laser safety guidelines [16] are not 
observed. In order to improve the sensitivity of PA systems 
and simplify their instrumentation, optical sensors rather than 
piezoelectric sensors for detection of generated PA waves in 
tissue ought to be explored. This is because optical sensors are 
more sensitive, have wider bandwidth, and are more 
affordable than piezoelectric sensors [17]. In this work a novel 
but simple technique of detecting PA emissions optically by 
detection of amplitude modulated optical scattered light in 
tissue is described. The technique is referred as Photoacoustic 
Modulated Optical Scattering (PAMOS). 

PAMOS entails detection of variations of scattered light 
intensity from tissue caused by induced photoacoustic waves. 
Two optical beams are used to interrogate the tissue. One is 
termed as the probe beam and is in the Near Infrared (NIR) 
region (This wavelength range is strongly scattered by blood 
[18]). The intensity of this beam can be kept constant or 
amplitude modulated at a fixed frequency. The second beam is 
in the visible range of the electromagnetic spectrum – where 
blood strongly absorbs light [18]. This beam is termed as 
Photo-Acoustic Excitation Beam (PAEB). PAEB is 
nanosecond pulsed in order to satisfy the stress and thermal 
confinement conditions required for efficient generation of 
photoacoustic pressure waves [19]. Three wavelengths 
belonging to red (630nm), green (525nm) and blue (430nm) 
regions emitted by a RGB LED are used as the source of the 
PAEB. The three wavelengths were sequentially shone to the 
tissue. The generated acoustics waves are expected to 
modulate (cause variation) to the detected probe beam.  
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Figure 1: Illustration of photoacoustic modulated optical scattering, (a) PAMOS set-up, (b) expected response from the detected optical signal. The blue waveform 
is the detected signal in absence of PAEB and the red waveform is the detected signal due to modulation by induced PA waves generated by PAEM.  

 

Absence of PAEB would result to a nearly constant intensity 
optical signal (from the probe beam) being detected after 
diffuse scattering in the tissue. Figure 1 illustrates the 
principle of PAMOS. The diffuse reflected probe beam is 
detected with an IR photodiode which filters outs the scattered 
PAEB and therefore variations in the detected optical signal 
intensity can only be attributed to the induced PA waves and 
possibly pickup noise. 

II. MATERIALS AND METHODS 

A. Investigation of Photoacoustic Modulated Optical 
Scattering in Tissue 

An infrared LED (TSFF5210, 870nm, 5mm) was forward 
biased with a constant 30mA current to produce the probe 
beam. The source of PAEB was a common cathode RGB LED 
(10mm common cathode, 467nm, 520nm, 625nm) which was 
alternately switched on and off to produce red, green and blue 
light pulses. The timing of the RGB LED light pulses was 
controlled by a Schmitt trigger monostable multivibrator (IC 
74121) which was biased to produce a 50nS pulse width 
output voltage upon triggering with a rising edge pulse of 
arbitrary pulse width. The output pulses from the IC were used 
to drive a logic MOSFET transistor (IRF520) which switched 
the RGB LED. The Schmitt trigger IC received its trigger 
pulses from a programmed Arduino Uno microcontroller 
board. The three RGB LED anodes were powered by a 
variable voltage power supply through 100Ω resistors. The 
common cathode of the RGB LED was connected to the drain 
terminal of the transistor and its source terminal was 
grounded. The three RGB wavelengths were selected 
manually by alternately connecting the three anodes of the 
LED to the positive terminal of the power supply.  An infrared 
photodiode was used to detect diffuse reflected probe beam 
light from tissue. The two LEDs and the photodiodes were 
mounted on a wooden block in a manner to ensure that lights 
emitted first entered the tissue before it was detected back. 
The distance between the IR LED and RGB LED was 5mm, 

while that from the RGB LED to the IR photodiode was also 
5mm. The sample was placed 5mm above the light sources 
and the detector. The output of the photodiode was amplified 
by an instrumentation amplifier (IC AD620) with a gain of 
100 and coupled to a digital oscilloscope (Owon TDS7104, 
100MHz, 1GSamples/S) for signal acquisition and 
digitization. The signal from the oscilloscope was coupled to a 
computer for processing. A cattle liver tissue sample acquired 
from a local butchery shop was used to test the response of the 
designed PAMOS probe. A ten grams slice of the sample was 
cut and spread on a glass slide. The specimen was then 
wrapped with a clear cellophane sheet and place on the 
PAMOS probe for signal acquisition. Figure 2 shows 
photographs of the setup. To investigate the effect of the 
detected IR probe beam due to varying PAEB intensities, the 
RGB bias voltage was varied from 5V to 33V and the detected 
optical signal recorded. The risk of RGB LED catastrophic 
failure due to being operated with excess current was 
minimized by switching ON the LED for a short duration 
(~50nS). 

B. Investigation of  Optical Signal Modulation by Acoustic 
Waves in Tissue 

In order to establish the relationship between induced PA 
pressure and the detected optical signal modulation, an 
experiment was setup to simulate PA waves by transmitting 
acoustic waves into the tissue sample and monitoring the 
nature of modulation in the detected optical signal. The setup 
comprised of an ultrasonic (US) emitter (TCT40-16T, 40KHz, 
0.02mPa/V at 10v) mounted between an IR LED and IR 
photodiode. The US emitter was driven by voltage pulses of 
20µS pulse width. The amplitude of the voltage pulses was 
varied to produce acoustic waves of varying pressure 
intensities. It was expected that the emitted acoustic waves 
would modulate scattered IR light in tissue. The IR LED and 
photodiode were biased with a constant voltage. The signal 
from the photodiode was amplified by the previously 
described instrumentation amplifier and coupled to a computer 
for processing. The emitted pressure intensity by the US 
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transducer for a given input voltage pulse was determined by 
multiplying the input voltage amplitude by a factor of 0.02 
since the traducer is rated 0.02mPa/V at 40Khz.                                                   

For each acoustic pulse transmitted into the tissue, the 
scattered optical signal was acquired and converted to the 
frequency domain using Fast Fourier Transform (FFT) 
algorithm.  

III. RESULTS 

A. Verification of Photoacoustic Modulated Optical 
Scattering in Tissue 

Figure 3(a) gives the detected optical signal spectra 
obtained in absence (blue spectrum) and in presence (red 
spectrum) of the 625nm PAEB alongside the PAEB trigger 
signal (yellow waveform) from the 50nS pulse generator. 
Figure 3(b) shows the spectra obtained when the three 
wavelengths of the PAEB pulses were applied to the sample 
each at a time. The resultant optical spectra obtained when the 
optical intensity of the PAEB was varied by adjusting the 
RGB supply voltage upwards are given in figure 3(c) – only 
the results for the red wavelength of PAEB are shown in the 
figure. The frequency spectrum of the detected optical signal  
due to tissue excitation by PAEB  biased by 5V (60W LED 
input power) at frequencies above 1Mhz is given in Figure 
3(D).  

B. Verification of Optical Modulation by Acoustic Waves in 
Tissue  

Figure 4(a) gives two frequency domain optical signals 
one (blue spectrum) acquired when the tissue sample was 
excited by acoustic waves from the 40KHz ultrasonic traducer 
driven by 12V input voltage pulse and the other one (red 
spectrum) is the detected optical signal without acoustic 
excitation of the tissue. A plot of the detected acoustic 
modulated optical signal intensity at 40KHz (frequency at 
which the transducer had optimal response) against acoustic 
pressure intensity for varying transducer input voltages is 
shown in figure 4(b). 

IV. DISCUSSION 

In Figure 3a, the detected optical signal in absence of 
PAEB has a nearly constant intensity. This was expected 
because the probe beam gave a constant intensity light which 
was diffusely reflected by the tissue and eventually a fraction 
of it was detected by the photodiode. However, when the PA 
excitation beam was introduced, the detected optical signal 
(waveform in red) possessed greater average intensity and 
more pronounced peaks. Since the IR photodiode filters out 
light in the visible wavelengths, the modulation cannot be 
attributed to scattered RGB light intensity. Besides, the PAEB 
is turned on for a very short period (as depicted by the trigger 
signal in yellow) but the disturbance in the detected signal 
persisted behold the PAEB on time. This modulation of the IR 
light in tissue could be due to variations in tissue refractive 
index caused by emission of photoacoustic waves after 
absorption of RGB light pulses. The pressure waves cause 
displacement of scatters in tissue and this leads to variation of 
local mass density and hence variation of tissue reflective 

index [20]. The frequency domain PAMOS signal (shown in 
Figure 3d with the low frequencies filtered out) has got one 
major peak at frequencies behold 1MHz (frequencies which 
satisfy thermal and stress conditions for PA signal generation). 
This peak can be attributed to induced PA waves from 
different optically absorbing anatomical cites of varying sizes 
in tissue such as individual erythrocytes and microvasculature 
network. Filtering out of the low frequency signals was 
performed to unmask the weak high frequency PA waves from 
the dominant DC component due to the diffusely reflected 
probe beam in the tissue and other low frequency pick-up 
noise. The detected signal due to blue PAEB pulse recorded 
the greatest average intensity while that due to red PAEB 
pulse had the least average intensity as shown in figure 3(b). 
This could be due to the fact that optical absorption by 
haemoglobin is higher at 467nm compared to 625nm 
wavelengths. Figure 3(c) shows that the intensity of the 
detected optical signal increased with the increase in the 
intensity of PAEB. This suggests that as the intensity of 
induced PA pressure in tissue increases, the optical 
modulation amplitude increases too.  

The results of optical modulation due to tissue excitation 
by acoustic waves showed a linear relationship between 
detected optical signal intensity and the acoustic pressure 
causing the variations at the frequency which the traducer was 
strongly emitting (40KHz in this case). Figure 4a gives two 
spectra of the detected optical signal one (blue waveform) 
acquired when the tissue was acoustically excited by 0.24mPa 
pressure waves from the US transducer while the other 
spectrum (red) was acquired without acoustic excitation. It can 
be seen that the power of the detected optical signal increased 
with acoustic excitation of the tissue. Figure 4b shows a plot 
of the maximum signal amplitudes and the corresponding 
acoustic pressure intensities.  

V. FUTURE PERSPECTIVES 

The work described in this paper has attempted to simply 
the biomedical photoacoustic sensing instrumentation through 
indirect detection and quantification of PA emissions by 
monitoring modulation of optical scattering in tissue. More 
work needs to be done to improve the accuracy of PA pressure 
estimation using PAMOS. The calibration experiment can be 
improved by using high frequency focused US transducer 
which would focus acoustic wave to a nearly point source and 
hence mimic photoacoustic sources such as red blood cells, 
tumors or micro-blood vessels. High power LEDs or diode 
lasers can also be used for generation of high intensity PA 
waves. An analytical or computational inverse model for 
estimating initial PA pressure given the detected optical 
modulated signal ought to be developed to enable quantitative 
PAMOS measurements of tissue chromophores.  Authors of 
this paper are currently working on an in vivo technique of 
malaria detection using PAMOS principle. 

VI.  CONCLUSION 

In this paper a simple technique of detecting induced PA 
pressure in tissue optically was demonstrated. It was observed
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Figure 2: Photographs of the PAMOS setup 

 
Figure 3: PAMOS test results. (a) PAMOS response with (red waveform) and without (black waveform) PAEB, the yellow waveform is the PAEB trigger signal. 
(b) Frequency domain signal of the PAMOS signal with a 0.9W PAEB excitation, (c) waveform of figure (b 

 

Figure 4: Acoustic modulation of scatter light in tissue, (a) signal frequency response of  0.24mPa and 0Pa acoustic pressure excitation in tissue. (b) Acoustic 
pressure in tissue versus detected optical signal intensities at 40 KHz frequency. 
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that irradiation of the PAEB caused intensity 
modulation of NIR scattered light in tissue. This 
modulation was attributed to emission of PA waves 
in tissue due to absorption of the nano-second pulsed 
optical radiation in the visible region. Effect of the 
PAEB intensity and wavelength variations was also 
investigated. It was found that the average intensity 
and the maximum amplitude of the detected optical 
signal increased as the PAEB wavelength was shifted 
from red to blue. A similar observation was made as 
the PAEB intensity was increased. The relationship 
between acoustic pressure excitation in tissue and the 
detected optical signal amplitude was experimentally 
investigated and was found to be linear at the 
frequency where the acoustic signal had maximum 
energy. 
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