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Abstract: Background ― The treatment of the cancer, especially in more aggressive metastatic forms is more effective at early disease 
stage. However, existing diagnostic techniques are not sensitive enough for early cancer detection. An alternative, perspective diagnostic 
approach can be based on photoacoustic (PA) method of irradiation of cancer cells in biotissue, blood and lymph by laser pulses. The fast 
thermal expansion of heated zones into cells associated with intrinsic or artificial PA contrast agents leads to generation of acoustic waves 
detected with ultrasound transducers. In particular, melanoma cells with melanin as a PA marker are darker than normal red blood cells 
and, therefore, produce greater acoustic responses. This technique can theoretically detect even a single cancer cell in the tissue and blood 
background; however, a robust algorithm of automated response detection is yet to be developed. 
Objective ― The main aim is to develop the approach for data pre-analysis that can improve the sensitivity and noise resistance of the 
automated in individual cancer cell detection algorithm, based on estimation of the amplitude of the acoustic responses. 
Methods ― Acoustic responses were obtained from a round polyurethane tube with human blood, or solution of the mouse melanoma 
cells in 10 mol/L concentration. In control experiments the laser was blocked by an opaque film. Many (up to 1000) acoustic responses 
were obtained from normal blood cells and pigmented cancer cells. Spectral analysis of the acoustic responses was used to find the 
spectral ranges that provide valuable diagnostic information with the sufficient signal-to-noise ratio. 
Results ― It was estimated that relevant diagnostics information in the acoustic responses is limited to the 0-12 MHz frequency band. 
Application of the 8th order low-pass Butterwort filter with 12 MHz cut-off frequency improved the signal-to-noise ratio from 21.14±10.39 
to 110.81±56.94 for the cancer-related responses, and from 1.04±0.1 to 2.23±0.33 for the normal blood responses. 
Conclusions ― Adoption of low-pass filtering during the pre-analysis of acoustic responses results in better sensitivity of automated cancer 
cells detection algorithm  
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Introduction  

Melanoma is one of the most aggressive forms of cancer and is 
capable of rapid metastasis [1], after which the 5-year survival rate 
is decreases from 97% to 10-15 % [1]. Therefore, effective 
treatment is only possible during the early stages of the illness and 
development of new diagnostic techniques is paramount. 

The recent studies [2] showed the effectiveness of the 
photoacoustic microscopy-cytometry the early detection of cancer 
cells. This noninvasive approach promises very high sensitivity 

since it is potentially capable to detect even single cancer cells in 
tissue and blood background.  

The currently one of adopted diagnostic methods are based on 
the analysis of the blood samples called also liquid biopsy. 
However, on the early stages of cancer only small amount of 
tumor cells are presented in blood samples and the volume of the 
blood samples cannot surpass 50 ml. Number of cancer cells in the 
blood samples is lowered further during the preanalysis phase. 
Resulting probability of the cancer detection is only 47% [3]. 
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The modern invasive diagnostics of cancer cells involve 
injection of probing catheter into the major arteries and provides 
58% detection rate [4]. However invasive techniques are prone to 
cause side effects, mainly the blood clotting [5-7]. 

In 2005-2007 several research groups proposed the method of 
integrated photoacoustic microscopy-cytometry based on 
detection of acoustic responses from individual cancer cells, which 
are exposed to laser pulses. Similar methods were already adapted 
to the gas spectroscopy [8], monitoring of lymph nodes [9] and the 
breast cancer tumors visualization [10]. In 2009 [11] the 
photoacoustic platform was developed to detect tumor cells (CTC) 
in blood. 

The tumor cells absorb the laser energy; the heat absorption 
leads to expansion of the cells, and is accompanied by generation 
of the acoustic waves through photoacoustic effect. The 
melanoma cells are darker and absorb greater amount of laser 
energy, in some cases they are even destroyed by absorbed energy 
and release micro-bubbles [2]. Both situations result in generation 
of the more intense nonlinear acoustic response. Development of 
precise algorithms to analyze the acoustic responses will provide a 
tool for noninvasive detection of single tumor cells than can 
dramatically increase the sensitivity of early melanoma diagnostics 
[2]. 

We explored and compared the spectral properties of the 
acoustic responses from normal blood cells, and B16F10 
melanoma cells in polyurethane tube, including spectral power 
distribution and assessment of the signal-to-noise ratio. The 
obtained results were used to develop the recommendation for 
further improvement of sensitivity and noise resistance of the 
diagnostics techniques. 

 

Material and Methods 

We analyzed the signals obtained using resonance acoustic 
piezosensor Imasonic S.A. custom 3.5 MHz single element 
transducer (IMASONIC SAS, France). Bandwidth of the sensor was 
limited from above at 6 MHz at -3 dB level. The sensor had the 
internal preliminary intensifier which output was digitized using 
Alazar ATS9350 ADC with sample rate of 500 Msps, 12 bit 
resolution and 250 MHz bandwidth. Duration of the analyzed 
acoustic signals (waveforms) was 16 µs. The beginning of each 
waveform was synchronized using pulsed laser with wavelength of 
1064 nm, pulse duration of 2 ns, pulse repetition rate of 2 kHz and 
pulse energy of 100 µJ. The structure of the experimental setup is 
presented in Figure 1. 

 

 

 
Figure 1. The structure of the photoacoustic setup 

The study was conducted using a model of a blood vessel as 
round polyurethane tube with internal diameter of 100 µm and 
outer diameter of 300 µm. The acoustic responses were studied in 
three types of experiments:  

 Tube with human blood, 

 Tube with a solution of the B16F10 [12] mouse 
melanoma cells in 10 mol/L concentration,  

 Control experiments, in which the laser was blocked by 
an opaque film, and obtained acoustic responses 
contained no cancer relevant information. 

For each type of experiments, we obtained 1000 different 
waveforms. Melanoma waveforms have greater amplitudes, and 
currently adopted technique of their automated detection is based 
on calculation of amplitudes of the waveforms. 

We used furrier spectra analysis (Welch’s method [13]) to find 
the spectral ranges that contain valuable diagnostic information 
and to propose a reasonable algorithm of pre-analysis involving 
data filtering. To estimate the effectiveness of the proposed 
technique we calculated the signal-to-noise ratio in filtered and 
not filtered data and ratios between amplitudes of melanoma and 
human blood waveforms. To calculate the signal-to-noise ratios we 
divided the amplitude of the blood or melanoma waveform by the 
power of the waveforms from the control experiments. To verify 
the statistical significance of the results parameters of the 
distributions (mean ± standard deviation) of the ratios were 
estimated and compared for each case. 

 

Results 

Typical waveforms for each test object are presented in 
Figure 2. The vertical line on Figure 2 marks the moment of the 
laser pulse. From Figures 2a and 2b it is evident that the main 
power of the acoustic response can be observed some time after 
the laser pulse. Average time delay between the laser and the 
response was 3.8±0.3 µs (mean ± standard deviation). 

From Figures 2a and 2b it is evident that the laser pulses 
induce the acoustic responses in the test objects which in turn lead 
to excitement of oscillations in the unfocused ultrasound 
transducers. The oscillations have pronounced periodic nature and 
are not present in the waveforms from the tests with blocked 
laser. It can also be seen that the amplitude of B16F10 responses 
(Figure 2a) is significantly larger than the amplitude of the human 
blood responses (Figure 2b). 

Average peak-to-peak amplitudes of oscillations in acoustic 
responses are 58.21±28.34 mV (mean ± standard deviation) for 
B16F10 melanoma cells, 2.88±0.19 mV for the human blood cells, 
and 2.76±0.19 mV for the blocked laser. Therefore signal-to -noise 
ratio is 21.14±10.39 for the B16F10 melanoma cells and 1.04±0.1 
for the human blood cells, which means that for the unfiltered 
data normal blood waveforms can’t be reliably distinguished from 
control signals. Average ratio between amplitudes of the 
melanoma waveforms and normal blood waveforms is 
20.34±10.01. 

To propose adequate filtering techniques for the pre-analysis 
of the waveforms we conducted their spectral analysis. Typical 
power spectra are presented in Figure 3. 
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Figure 2. Waveforms from B16F10 melanoma (a), human blood cells (b) and from the photoacoustic platform with blocked laser (c). The signals were 
obtained using unfocused ultrasound transdicer. 

 

 

 

Figure 3. Power spectra of the acoustic responses from human blood cells (red line), B16F10 melanoma cells (black line) and blocked laser (blue line). 
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After we compared the responses from the human blood cells 
and the responses obtained with the blocked laser (Figure 3) we 
concluded that the main power of the response is within 0-6 MHz 
band (at 3dB level) and the higher harmonics can be observed at 
frequencies of up to 12 MHz. 

From Figure 3 it is evident that the acoustic signals have 
complicated spectra, however all spectral components with 
frequency over 12 MHz seem to reflect the disturbances and 
noises and also have power of less than -40 dB. 

The results suggest that it might be viable to filter the data 
during the pre-analysis. We used the 8th order low-pass 
Butterwort filter with 12 MHz cut-off frequency. 

The average amplitudes of the acoustic responses after the 
filtration are 57.70±28.81 mV (mean ± standard deviation) for the 
B16F10 melanoma cells, 1.25±0.19 mV for the human blood cells 
and 0.51±0.04 mV for the responses obtained with the blocked 
laser. Filtration resulted in far better signal-to-noise ratio: 
110.81±56.94 for the B16F10 melanoma cells and 2.23±0.33 for the 
human blood cells. Average ratio between amplitudes of the 
melanoma waveforms and normal blood waveforms is 21.14±10.39. 
After the filtration all three types of signals can be reliably separated 
using the calculation of amplitudes of the waveforms. 

 

Discussion 

It can be argued that for the waveforms obtained from the 
model polyurethane vessel there is no need for the pre-analysis 
filtration, since melanoma waveforms already have far greater 
amplitudes than the other signals. However, we expect worse 
signal-to-noise ratio in real humans and test animals, since skin 
and other tissues will dissipate the laser and weaken the acoustic 
response. Moreover, the waveforms have acoustic nature and the 
acoustic sensor is very sensitive to external noises. 

Another point of discussion is optical methods of in vivo flow 
cytometry [14-18]. This field is growing rapidly and reached 
sensitivity of 1 circulating cell per mL of blood [14]. Optical 
methods have a significant advantage over our photoacoustic 
approach, since they can detect the circulating cells that are light 
in color and, therefore, are not limited to the melanoma cells, but 
those cells must be marked by fluorescence solutions [15]. Optical 
in vivo flow cytometry is viable and perspective approach for 
monitoring of cancer development in already diagnosed patient, 
since fluorescence solution can be injected in the tumor, and all 
future metastatic cells would be marked as a result. However, such 
approach is not visible so far for early diagnostics. 

The observed waveforms (Figure 2) demonstrate significant 
time delay between the laser impulses and the main acoustic 
response. Such delay was noted earlier in [2] and is caused by 
finite travel speed of the acoustic response between the cell and 
the sensor and inertial properties of the cells that affect the 
thermal expansion.  

From the results of the spectral analysis we concluded that the 
useful part of the spectra is limited to the 0-12 MHz (Figure 3) 
band with the main frequency of the response being 3 MHz. 
Higher harmonics are fast to diminish due to the resonance 
properties of the sensor.  

From the spectra it is also evident than waveforms have 
complex spectral structure. Spectral peaks can be observed at 15 
MHz, 30 MHz, 60 MHz, 90 MHz and are present both in the 
waveforms from the test objects and in the waveforms which were 

obtained in the experiments with the closed laser. The results 
suggest that these peaks are caused by disturbances and noises of 
various origins, including those which originate in the 
photoacoustic platform itself. Therefore it seems practical to direct 
the further advancements of the platform towards reducing the 
>15MHz noises. 

Currently the detection of the melanoma is based on 
calculation of the peak-to-peak amplitude of the acoustic 
responses. Application of low-pass filter with 12 MHz cut-off 
frequency during the waveform preprocessing stage resulted in 
significantly increased sensitivity of the detection. 

Some limitation for this study was associated with a model of 
blood vessel used as the round polyurethane tube. Under such 
conditions we could not study any effects related to laser 
dissipation in skin or other tissues, which will occur in real humans 
and animal model. We also used B16F10 mouse melanoma cells, 
which are widely used as a model of animal cancer cells, but are 
not real human cells. 

 

Conclusion 

The spectral analysis of the acoustic waveforms demonstrated 
that relevant diagnostics information is limited to the 0-12 MHz 
frequency band. The main power of the response was observed 
around 3 MHz which is the resonance frequency of the unfocused 
sensor. 

On the basis of the obtained results we proposed the 
algorithm of data filtration that increased the average signal-to-
noise ration in the human blood cells acoustic waveforms by a 
factor of 2.5 and by a factor of 5.4 in the waveforms from B16F10 
melanoma cells. 
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