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Abstract 

 
We used photoacoustic imaging (PAI) to visualize and compare acoustic intensity levels in pneumonia-affected and 

healthy chicken lungs. After histological confirmation of pneumonia, the samples were scanned and subjected to a 532-

nm diode laser in a photoacoustic imaging system. The acoustic intensity level of pneumonia-affected tissue was 

examined and compared with that of healthy lung samples. The optimum laser frequency and duty cycle for imaging the 

samples were 17 kHz and 30%, respectively. The acoustic intensity levels of pneumonia-affected tissue and healthy lungs 

were −82.5 ± 1.8 dB and −79.9 ± 1.3 dB, respectively. We found that a simple PAI device consisting of a diode laser and 

condenser microphone could distinguish between pneumonia-affected and healthy lungs. Pneumonia-affected lungs 

produced less acoustic intensity than that healthy lungs, as supported by histological studies. 
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Introduction 
 

Pneumonia is a lung infection that inflames the alveoli in 

one or both lungs. The disease is manifested by mucus 

build-up in the lungs, which prevents the exchange of 

oxygen and carbon dioxide. Consolidation or the filling 

of alveoli with inflammatory fluids—such as 

inflammatory exudates, bacteria, and white blood cells—

precedes the disease infectious phase and is followed by 

red hepatization within a few days. Consequently, the 

lungs become hyperemic and alveolar capillaries engorge 

with blood. Subsequently, gray hepatization occurs and 

is followed by resolution. Although pneumonia can be 

diagnosed early during consolidation or red hepatization 

stages, the diagnosis is commonly performed using 

histopathology, which is invasive [1, 2]. 

 

Photoacoustic imaging is a non-invasive multimodal 

technique that uses a pulse laser as its excitation source. 

The technique combines optical and ultrasonic 

approaches to overcome the limitations of pure optical 

imaging and pure ultrasonic imaging posed by significant 

light scattering in tissues and low contrast and speckles 

(image artifacts), respectively [3]. PAI is used to assess 

specific tissue components (chromophores), such as 

hemoglobin, oxy-hemoglobin, melanin, bilirubin, lipids, 

and water [4]. Because photoacoustic imaging does not 

generate ionizing radiation, it has enormous potential in 

biomedical applications [3]. 

 

Photoacoustic effect occurs when light interacts with 

materials or tissues, which generate photoacoustic 

signals. When a laser pulse contacts a material or tissue, 

a small amount of energy is absorbed and transformed to 

heat [5]. The increase in tissue temperature causes 

thermoelastic expansion. Furthermore, pressure changes 

propagate as acoustic waves, which can be monitored on 

tissue surface, allowing the position of light absorption to 

be determined and information of the underlying tissue 

to be obtained [6]. 

 

Several in vitro, in vivo, and ex vivo studies have 

demonstrated the potential of PAI for biomedical 

applications. Pre-clinical investigations and clinical trials 

involving photoacoustic techniques have provided several 

new opportunities for high-resolution visualization of 

blood vessels in dermatology [7], oncology [8], 

ophthalmology [9], and neurology [10]. 

 

Previous studies have shown that a basic photoacoustic 

imaging system could be constructed using a modulated 

diode laser and condenser microphone [11, 12]. We 

aimed to determine whether a simple PAI system, 

consisting of a diode laser and a condenser microphone, 
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could be used to visualize and compare acoustic intensity 

levels between pneumonia-affected and healthy lungs. 

 

Methods 
 

Materials. This work was approved by the Committee of 

Health Research, Faculty of Dentistry-Dental Hospital of 

Universitas Gadjah Mada, Indonesia (Ref:203/KE/FKG-

UGM/EC/2022). Pneumonia-affected and healthy lungs 

were acquired from a chicken abattoir. Samples were 

fixed in 10% buffered formalin for 24 h. The samples 

were dissected in half along the median line and 

embedded in paraffin. Histological examinations were 

performed on 50% of samples, while the rest were 

flattened using a microtome and scanned using a PAI 

system. Figure 1 shows the flow chart of the study. 

 

The PAI system was tested to ensure all components 

worked properly, including characterizing the Behringer 

Omni-series condenser microphone ECM8000, stepper 

motor, and diode laser power (wavelength = 532 nm). 

Figure 2 illustrates the PAI system [13] that was adapted 

from our previous study [11]. 

 

In a PAI system, condenser microphones function as 

detectors. Condenser microphones were characterized 

using the LabView Version 16.0 application (Labview 

full development system, Ireland) on a computer. The 

Audio Function Generator GW Instek GFG-8250A series 

was configured over a 1 kHz–20 kHz frequency range, 

and acoustic data from the microphone were analyzed 

using LabView. 

 

In this study, the stepper motor was a vital component of 

the custom-built X–Y stage. Stepper motor 

characterization, performed using scan shift commands 

in LabView, ensured that sample movements in X- and 

Y-stages were accurate. Finally, diode laser power 

characterization was performed using a power meter 

detector and LabView to ensure laser power stability 

during sample scanning procedures. 

 

 

 
 

Figure 1. Flowchart of the Study 
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Figure 2. Photoacoustic Imaging System Utilized in the Study [13] 

 

 

Variations in frequency and duty cycle for optimal 

laser modulation. We aimed to assess the optimal laser 

modulation frequency and duty cycle for imaging lung 

tissue to distinguish between samples and media and 

acquire information on healthy and pneumonia-infected 

tissue. The laser frequency was modulated at 16 kHz–20 

kHz, with duty cycles of 10%, 20%, 30%, 40%, and 50%. 

 

Photoacoustic imaging of healthy and pneumonia-

affected lungs. Samples were scanned to generate 

photoacoustic images. A sample was placed on a 

scanning table and exposed to diode laser light, with the 

condenser microphone placed close to the sample. 

Scanning was completed using LabView. Acoustic 

signals from samples were recorded by the microphone, 

and the signals were converted into photoacoustic images 

using LabView. 

 

Data normality and statistical test. The data normality 

test aims to analyze the data distribution in a study. In this 

study, the normality test for data on the acoustic intensity 

level of pneumonia and healthy lungs was carried out 

using the Shapiro Wilk test because the number of 

samples used was small (less than 50 data). This study 

tested the research hypothesis using the Mann Whitney 

nonparametric statistical analysis approach because the 

data were not normally distributed. The Mann-Whitney 

statistical test was carried out to test the differences in the 

samples used in the study. 

Results and Discussion 

Characterizing the PAI system. Figure 3 shows a linear 

relationship between the generator’s frequency and the 

condenser microphone frequency (R2 = 1.00). Thus, the 

condenser microphone displayed high precision and was 

an appropriate acoustic signal detector. 

 

To generate photoacoustic images, the sample was posi-

tioned using an X–Y stage. A stepper motor drove the 

stage, moving it in two directions: X (X-stage) and Y (Y-

stage). The stepper motor movement was characterized 

to ensure that X–Y stage shifts were accurate and that 

photoacoustic images accurately represented target ob-

jects. The stepper motor characterization results are 

shown in Figure 4. The X-stage equation was y = 0.17 + 

0.2x, while the Y-stage equation was y = 0.48 + 0.2x. 

Each 0.2 mm step, as instructed by LabView, resulted in 

a 0.2 mm shift of X- and Y-stages, with 0.1 mm uncer-

tainty (R2 = 0.99). These results indicated that the stepper 

motor shifted accurately. 

 

As shown in Figure 5, the laser power stabilized at 32 

mW after 24 min. Thus, photoacoustic imaging and data 

collection were conducted at 24 min after the laser was 

switched on to ensure consistency. 

 

Frequency and duty cycle variations for optimal laser 

modulation. The experimental data of the study are 

shown in Figure 6. Accordingly, the best PAI frequency 

for lung tissue was 17 kHz, with an intensity level of 

−77.11 dB for pneumonia-affected and −76.34 dB for 

healthy samples. 

 

As shown in Figure 7, our photoacoustic system can 

identify optimum sound intensity levels of the sample at 

a duty cycle of 30%, with intensity levels of −80.75 dB 

for pneumonia-affected and −79.69 dB for healthy 

samples. 
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Figure 3. Relationship between the Generator’s Frequency and the Condenser Microphone Frequency 

 

 

 
 

Figure 4. Result of X–Y Stage Characterization 

 

 

Modulation frequency settings and appropriate duty cy-

cles in pneumonia-affected and healthy lung samples are 

shown in Figures 6 and 7, respectively. Figure 6, the 

acoustic intensity was proportional to the laser modula-

tion frequency and directly proportional to absorbed sam-

ple energy. Also, the laser modulation duty cycle was re-

lated to laser intensity which generated thermal expan-

sion in the sample. The intensity levels peaked at 17 kHz 

when compared with those at other frequencies. Thus, at 

this frequency, we could successfully distinguish be-

tween pneumonia-affected and healthy lung samples. 

 

Figure 7 shows that the duty cycle influenced acoustic 

signal generation. Photoacoustic image results were un-

satisfactory at 10% and 20% duty cycles due to low 

acoustic intensity in samples, while at cycles ranging 

from 40%–50%, samples were at the risk of burning. Fur-

thermore, samples had degraded. Our photoacoustic im-

aging system imaged pneumonia-affected and healthy 

lungs at 17 kHz with a 30% duty cycle (Figure 8). The 

system generated a maximum sound intensity level and 

represented lung samples at specified frequencies and 

duty cycles. The frequency and duty cycle of laser irradi-

ation are known to influence acoustic signal generation 

from samples (Figures 6 and 7) [14]. 
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Figure 5. Relationship between Time and Laser Power in the Study. The Wavelength and Duty Cycle of Diode Laser was 532 

nm and 30% 
 

 

 

 

 

Figure 6. Optimal Frequency for Imaging Lung Tissue  Figure 7. Optimal Duty Cycle for Imaging Lung Tissue 

 
Photoacoustic imaging of pneumonia-affected and 

healthy lungs. In Figure 8, panels a-1 and a-2 show 

tissue sample images of pneumonia-affected and healthy 

lungs. Panels b-1 and b-2 show photoacoustic images in 

three distinct colors: red, yellow, and blue. Blue indicates 

the paraffin medium used in samples, while yellow and 

red indicate the lung tissues. Acoustic signals in 

pneumonia-affected lung tissue were lower compared 

with those in healthy lung tissues. 

 

Acoustic data from six pneumonia-affected and healthy 

lung samples are shown in Table 1. Substantial variations 

in acoustic intensity levels were observed between 

pneumonia-affected and healthy lung samples. The 

typical lung contains considerable quantity of air, with 

alveoli possessing small blood veins for gas exchange. 

However, during pneumonia, the lungs are filled with 

blood and edematous fluid. Thus, the density of the 

affected tissues increase because of the increased blood  

Table 1. Acoustic Intensity Level of Lung Samples 
 

Sample Acoustic intensity level (dB) 

Pneumonia 

 

Healthy 

−82.54 

 

−79.92 

 

cells in the alveoli during red hepatization [1]. As a result, 

acoustic intensity levels dropped from −79.9 ± 1.3 dB to 

−82.5 ± 1.8 dB. We hypothesized that pneumonia-

affected lung tissue thickening altered chromophore 

composition, thereby showing reduced sound intensity 

levels detected by the microphone. Histopathological 

examination revealed a thickening of the parabronchial 

region with substantial infiltration of lymphocytic 

inflammatory cells (Figure 9). 
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Radiant light absorption by chromophores forms the 

basis for PAI in biological tissues. Through 

photoacoustic effects, chromophores trigger acoustic 

waves in the tissue via contraction and thermal expansion 

events [15], [16]. Chromophore concentration in the 

tissue determines the strength of the photoacoustic output 

signal, which is subsequently used to reconstruct 

photoacoustic images [17–19]. 

 

 
Figure 8. Pictures of (a-1) Pneumonia-affected and (a-2) Healthy Lung Samples, and Photoacoustic Image and Acoustic 

Intensity Levels of (b-1) Pneumonia-affected and (b-2) Healthy Lung Samples. The Yellow Box Shows a Section of a 

Chicken Lung Scanned Using the PAI System 

 

 
 

Figure 9. Pneumonia-infected Lungs Showing Lobe-thickening at the Periphery and Lymphocyte Infiltration in the 

Parabronchus 

(a-1) (b-1) 

(a-2) (b-2) 
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Tissue density influences photoacoustic absorption and 

generates different absorption coefficients in different 

tissues. Endogenous chromophores, such as hemoglobin, 

melanin, water, and lipids, may absorb laser light and 

generate acoustic waves in biological tissues [20]. 

Acoustic intensity levels are affected by tissue density 

and absorption coefficients. Lower absorption results in 

a lower acoustic intensity level, indicating a denser tissue 

[21]. The amplitude of the photoacoustic signals is 

affected by optical, mechanical, and thermal properties of 

the object as well as the electromagnetic source radiation 

[22–24]. 

 

Figure 8 depicts the photoacoustic images obtained from 

the PAI system. The PAI system could distinguish 

between biological tissue and non-biological materials. 

In our previous study, we had reported that blue in 

photoacoustic images represented non-biological 

materials because of low acoustic signals, whereas 

yellow and red represented biological tissue because of 

higher acoustic signals. In the present study, yellow and 

red represented lung tissue, while blue represented 

paraffin. This color contrast between different materials 

suggested that biological tissue had different mechanical, 

optical, and thermal qualities when compared with those 

of non-biological materials [22]. 

 

Acoustic intensity levels between pneumonia-affected 

and healthy lung samples were compared using Shapiro 

Wilk test followed by Mann Whitney U test. The former 

test indicated that acoustic intensity levels were not 

normally distributed, and therefore Mann–Whitney test 

was used. The p-value (asymp. sig.) was 0.037 (p < 0.05); 

thus, we identified statistically significant differences 

between pneumonia-affected and healthy lung samples. 

We demonstrated that photoacoustic imaging systems 

based on diode lasers and condenser microphones are 

highly sensitive to tissue characteristics. Thus, our 

approach can be used to diagnose numerous diseases and 

pathological conditions. 

Conclusions 

We showed that a simple PAI device could be used to 

distinguish between pneumonia-affected and healthy 

lung tissues. Pneumonia-affected lungs produced less 

acoustic intensity levels than those of healthy lungs.  A 

diode laser and condenser microphone can be used to 

construct and control a photoacoustic system using Lab-

View and Arduino Integrated Development Environment 

on a computer. However, further research is required to 

develop feasible PAI systems to characterize pneumonia 

and other diseases. 
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