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Abstract:- In vitro hematological effects of ultrasound have been reported in many studies to understand the absorption and 

attenuation mechanisms of ultrasonic waves in the human blood. The objective of this study is to assess the in vitro hematological 

effect and attenuation coefficient of the ultrasound in human blood at different frequencies. Pathological parameters of complete 

blood count (CBC) test such as hemoglobin, erythrocytes, leucocytes and thrombocytes cells were counted after the exposure of 

ultrasound. Blood samples of different groups (A+, A-, B+, B-, AB +, AB –, O+, O-) were collected from 23 healthy subjects having mean 

age (34.56±14.20) years from BVH, Bahawalpur of Pakistan. Informed consent from subjects was taken to study the CBC test at 370C. 

The attenuation of ultrasound in blood was measured using Linear Transducer Probe-0805AT for 15 minutes. One way analysis of 

variance (ANOVA) test was used to assess the variability of blood cells in samples. A p-value (P ≤ 0.05) was deemed to be statistically 

significant in data. In this study, the attenuation coefficient () of ultrasound waves was measured at frequencies (3.5-11 MHz) using 

the power law. Statistical analysis revealed that in vitro exposure of ultrasound in human blood exposed a reduced amount of blood 

cells in CBC test of ultrasound samples (US) as compared to CBC test of control samples (CS). 
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INTRODUCTION 

Ultrasonography is a non-invasive diagnostic modality which is commonly used in the intracranial radiotherapy. In dental 

practice, it has been executed for cleaning the tooth and to kill the germs. It has been practiced in urology to remove kidney 

stones, to see blood flow irregularities and the position of the fetus in gynaecology [1]. In engineering sciences, ultrasonic 

testers are commonly applied to detect the porosity, flaws, uniformities, dimensional measurements and the characterization of 

materials [2-3]. Furthermore, ultrasound waves (USW) are employed in industrial processes such as plastic welding, material 

cleaning and widely used in sonochemistry [4]. 

Ultrasonic waves have been influenced by the mechanism of scattering and absorption when transmitted through the biologic 

tissues [5]. Resultantly, the energy and intensity of ultrasonic waves lose due to the heat and molecular exchange of energy in 

tissues [6]. The mechanism of scattering and absorption lead to classical attenuation coefficient of sound waves that depend on 

the frequency [7].When the sound waves pass through a medium i.e. air, soft tissues, cartilages, bones and blood, its amplitude 

and intensity are changed as an exponential function of penetration depth or distance. This reduction of amplitude and intensity 

is known as attenuation. The attenuation of US waves becomes larger in hard tissues and cartilages as compared to soft tissues 

[8]. However the temperature effect, cavitation’s streaming and free radicals effects have been reported in the previous literature 

[9-10]. Ultrasound absorption has been quantified directly by measuring the amount of acoustic energy converted into thermal 

energy or total acoustic attenuation [11]. Published literature has demonstrated that the ultrasound attenuation in blood shows 

nominal changes below 10 MHz frequencies due to its scattering of sound waves. Normally, the frequency of US waves is used 

from 1 MHz to 20 MHz in the medical field [12-13]. The scattering of ultrasound waves in human blood depends on the 

frequency approximately very close to Rayleigh scattering below 30 MHz and changes sharply at higher frequencies [14]. 

Previous studies have demonstrated that the attenuation of ultrasound in the blood depends upon the frequency, absorption 

mechanism and the concentration of blood cells [15,16,17]. Limited work has been explored about the attenuation of sound 

waves in the human blood. In this study, we have made an effort to assess the in vitro ultrasound exposure in blood cells such as 

hemoglobin, erythrocytes, leucocytes, thrombocytes and the attenuation coefficient in blood at different frequencies.  

 

MATERIALS AND METHODS 

To assess the ultrasound properties, five blood samples of each group (A +ve, A-ve, B+ve, B-ve,  

AB +ve,    AB –ve, O +ve, O-ve) were collected from 23 healthy subjects having mean age with standard deviation (34.56±14.20) 

years in which gender was 15 male and 8 female from Bahawalpur Victoria Hospital of Pakistan. For this purpose, evacuated 

tube of polypropylene (3ml) containing K3-EDTA (ethylenediaminetetraaceticacidtri-potassium) size 13mm x 75mm and 

diameter 10.8 mm (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used to perform the complete blood count 

(CBC) test at 370C. The complete blood count test was performed in the pathological lab under normal condition. In this study, 

ultrasound exposure was done in collected blood samples of each group for attenuation purposes. Pathological parameters of 

blood such as hemoglobin, erythrocytes, leucocytes and thrombocytes were considered to see the ultrasonic effects. Ultrasound 

waves were passed through K3EDTA tube for 15 minutes using Linear Transducer Probe PLM 805AT (3.5-11 MHz) of Toshiba 

Nemio XG iStyle. Blood samples were exposed by ultrasonic waves at different frequencies (3.5 MHz, 5 MHz, 6 MHz, 7 MHz, 

9 MHz and 11 MHz). The pathological indicators i.e hemoglobin (HGB), erythrocytes, leucocytes, thrombocytes, mean 

corpuscular volume (MCV), hematocrit (HCT), mean platelet volume (MPV), mean corpuscular hemoglobin (MCH), 
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lymphocytes percentage (LYM%) in each blood sample were assessed by CBC reports as mentioned in Table-1.  However, in 

this study we focused on blood cells such as hemoglobin, erythrocytes, leucocytes, hematocrit and thrombocytes to see mean 

count of blood cells after the exposure of ultrasound. The CBC reports of control samples were compared with CBC of 

ultrasound samples (US). Statistical analysis was performed using software (OrgionPro.8, www.origionLab.com). One way 

analysis of variance (ANOVA) test was used to assess the variability of pathological parameters of blood samples. A p-value (P 

≤ 0.05) was deemed to be statistically significant in samples. In this work, power-law was used to assess the attenuation 

coefficient () as this power-law was referred in many studies by Bradley E. et al. (2010), Marcos M. et al.(2006), Shung et al( 

1976), Gopala G.K et al.(1990) and Saleem MS. et al.(2011) to measure the attenuation coefficient as mentioned in equation-1.  

              𝛼 = 𝛼ₒ𝑓𝑛       -------------------- 1      [18] 

Theoretically, in the case of blood, the power of frequency was taken (n =1) so it was taken linear to frequency and can be 

calculated using equation-2.  

𝛼 = 0.57𝑓1    -------------------- 2  [19-20] 

The attenuation coefficient () of this experimental was measured using values mentioned in Table-2. The speed of ultrasound 

and density of human blood was calculated using equation-3 & 4 adding HCT (%), as mentioned in appendix.   

c = 0.9 x HCT (%) + 1545 -------------- 3  

ρ = 0.78 x HCT (%) + 1017 -------------- 4  [12]  

The comparative study of attenuation coefficient () of ultrasound of this in vitro study was displayed by Figure 2.  

 

RESULTS 

CBC test of blood samples was performed to assess the in vito haematological effects of ultrasound and the attenuation 

coefficient in blood cells. In this experiment, five samples of each blood group were studied at different frequencies (3.5 MHz, 

5 MHz, 6 MHz, 7 MHz, 9 MHz and 11 MHz).  CBC test of each blood sample was averaged before and after applying US 

waves. The effect of ultrasound waves in the human blood at different frequencies was mentioned in Table-1. One sample t-test 

induced a significant difference (P=0.001) when hemoglobin, erythrocytes, leucocytes and thrombocytes of blood samples were 

compared with and without ultrasound at different frequencies. A less amount of WBCs was seen as compared to normal profile 

of CBC test. The platelets near about 14.4-20 % decreased than normal profile and the hematocrit (HCT) i.e. percentage of 

RBCs in blood was also decreased [21]. HGB and mean corpuscular volume (average volume of RBCs) decreased and packed 

cell volume was also seen decreased. The number of platelets was also found about 5.5-10 % decreased as compared to normal 

profile. One way analysis of variance (ANOVA) test was used to assess the inconsistency of pathological parameters such as 

(RBC, WBC, HGB) of blood cells. Mean values with standard deviation of control samples CBC (CS) and CBC of ultrasound 

(US) at different frequencies (MHz) were displayed in Fig-1. A p-value found (p < 0.05) remained significant in CBC (CS) and 

CBC (US) samples. Furthermore the attenuation coefficient () was measured using power-law formula as mentioned in text 

references 12, 18 and 29. The attenuation coefficient () of blood samples was calculated in vitro at different frequencies. 

Elementary parameters such as ρ1 = density of blood, C1= speed of ultrasound in blood, C2=speed of ultrasound in 

polypropylene, Z1= Impedance in first media i.e blood, Z2= Impedance in second media i.e. Polypropylene, X= K3EDTA Tube 

diameter, αₒ = attenuation coefficient at 1MHz) were taken to calculate the attenuation coefficient as shown in Table-2 and 

Table 3. Figure-2 displayed the attenuation coefficient using power-law by prominent authors. In this study the results found the 

higher attenuation coefficient at frequencies (3.5 MHz to 11 MHz) as compared to previous studies. This higher attenuation 

coefficient trend may be due to K3EDTA Tube material structure in which the absorption, attenuation, relaxation time and the 

thermal mechanism of ultrasound vary as depicted in Figure-2.   

 

Table-1. In vitro ultrasound effect of frequencies in blood cells. 

f 

Blood 

Content 

RBC MCV HCT PLT MPV PDW WBC HGB MCH MCHC LYM 

(MHz) 

(10¹²/L)  

(Mean±S.d

) 

(L/L) 

(Mean±S.

d) 

(%) 

(109/ L) 

(Mean±

S.d) 

(f L) 

(Mean±S.

d) 

(f L) 

(Mean±

S.d) 

(109/L) 

(Mean

±S.d) 

(g/dL) 

 

(Mean±

S.d) 

(pg) 

(Mean±S

.d) 

(g/dL) 

(Mean±S.

d) 

(%) 

3.5 

CBC(CS) 3.47± 0.28 85.75±2.3 32.85 
217.5±7
0 

8.35±1.06 
10.65±0.
21 

5.46±1
.02 

8.61±0.
6 

27.65±3.6 32.3±3.5 34.7 

CBC(US) 3.262±0.39 85.6±2.12 32.05 
223±83.

4 
8.4±0.84 

10.95±0.

21 

5.35±1

.2 

8.26±0.

8 
28.25±3.7 33±3.5 37.83 

5 

CBC(CS) 3.83±0.66 83.1±4.4 28.9 194±82 8.33±0.7 
11.66±1.

4 

6.13±0

.61 

8.46±1.

2 
24.3±1.9 

29.16±1.0

7 
43.5 

CBC(US) 3.73±0.61 84±4.0 30.5 
187.33±
81.1 

9.16±0.56 
11.26±.0
98 

5.76±0
.4 

10.7±3.
2 

24.06±2.1 28.6±1.3 46.3 

6 

CBC(CS) 3.6±0.36 75.86±9.0 40.43 
250.3±7
1 

7.26±1.1 
9.16±2.1
1 

6.9±2.
2 

10.65±3
.18 

24.7±3.4 32.3±0.65 33.96 

CBC(US) 3.52±0.37 75.7±8.51 39.26 
238±67.

1 
7.23±0.89 9.6±1.44 

6.86±1

.1 

10.83±3

.2 
24.33±4.5 

32.53±3.3

3 
33.4 

7 

CBC(CS) 4.98±0.69 81.95±6.7 29.31 220±96 8.4±1.2 11.8±1.3  
7.4±1.
4 

12.83±4
.2 

24.3±2.5 29.36±1.6 38.66 

CBC(US) 4.83±0.69 82.36±7.4 29.48 
226.83±

93 
8.5±1.3 

11.43±2.

08 

7.06±1

.6 

12.96±4

.8 
24.2±2.3 29.41±0.9 39.18 
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9 

CBC(CS) 5.06±0.17 81.15±12 40.05 
204.5±7
0 

5.45±1.9 6.87±1.3 
7.65±0
.6 

13.95±2
.6 

18.17±3.2 34.9±2.1 37.62 

CBC(US) 5.06±0.3 
83.9±14.0

3 
40 

185.75±

72.96 
5.4±1.2 7.2±2.1 

7.05±0

.9 

13.6±1.

4 
29.72±6.6 35.1±2.2 38.92 

11 

CBC(CS) 5.29±0.51 83.66±2.9 42.36 314±57 5.5±1.5 9.5±0.03 
9.9±2.

2 

14.18±3

.1 

28.04±4.0

2 
33.5±7.4 32.74 

CBC(US) 5.16±0.42 
84.48±4.4
0 

42.78 
290.6±7
2 

5.76±1.04 5.76±2.1 
9.12±1
.9 

13.98±0
.2 

27.64±1.7 
32.72± 
1.01 

32.96 

f; frequency, MHz; Mega Hertz, CBC(CS); complete blood count (control sample), CBC(US); complete blood count (ultrasound 

samples ),   fL = femto litre  MCV; mean corpuscular hemoglobin, HCT; hematocrit, PLT; platelet count, MPV; Mean Platelet 

Volume, MCH: Mean Corpuscular Hemoglobin, MCHC; Mean corpuscular hemoglobin Concentration, LYM; Lymphocytes 

percentage, PWD; Platelet distribution Width,  Pg = pico gram   g/dL = gram per deciliter 

 

Table-2: Attenuation Coefficient (𝛼) in vitro 
No  𝛒𝟏 

(kg/mᶾ) 

𝐂𝟏 

(m/s) 

𝒁𝟏  =  𝛒𝟏𝒄𝟏 

MRayl 

𝛒𝟐 

(kg/mᶾ) 

𝒄𝟐 

(m/s) 

𝒁𝟐  =  𝛒𝟐𝒄𝟐 

MRayl 
𝑰

𝑰ₒ
= [

𝒛𝟏 − 𝒁₂

𝒛𝟏 + 𝒁₂
]

𝟐

 
X 

(cm) 
𝜶ₒ = −

𝟏

𝟐𝑿
𝒍𝒐𝒈

𝑰

𝑰ₒ
 

dB/cm 

Publish

ed 
study 1060 [19] 

1570 
[24] 1.7 

913 
[12, 22] 

2740 [12, 
23] 2.5 0.04 1.22 0.5711 

Experi

mental 
value  

1044 1577 1.65 913 2740 2.5 0.4250 1.22 0.562 

ρ1 = density of Blood C1= speed of US in blood, C2=speed of US in polypropylene, Z1= Impedance in first media i.e 

blood, Z2= Impedance in second media i.e Polypropylene, X= K3EDTA Tube diameter, 𝛼ₒ = attenuation coefficient at 

1MHz  

 
Figure-1: In vitro ultrasound exposure in blood (CS; control sample CBC without ultrasound, mean values with standard deviation. 

 

Table-3: In vitro measurement of attenuation coefficient (α) 
Frequency Experimental [24] [29] [12] [30] 

ƒ (MHz)  α= 0.562 ƒ α =0.18ƒ α=0.14ƒ¹·²¹ α=0.0596ƒ¹·56 α=0.087ƒ¹·²5 

3.5 1.967 0.63 0.638 0.421 0.416 

5 2.81 0.9 0.982 0.734 0.651 

6 3.372 1.08 1.224 0.975 0.817 

7 3.934 1.26 1.475 1.241 0.991 

9 5.058 1.62 1.999 1.836 1.356 

11 6.182 1.98 2.548 2.511 1.743 
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Figure 2: (a) Experiemtnal value (b) Hendee et al.[24] (c) Szabo et al. [ 29]  (d) Bradly et al. [12] (e) Johnston et al. [30] 

 

DISCUSSION 

Human blood assumed to be consisting of blood cells 45% in volume and suspended in plasma under normal haematology 

analysis. Blood cells were made up of red blood cells (erythrocytes), platelets (thrombocytes) and white blood cells 

(leukocytes). The CBC test might be varied slightly owing to temperature effect under normal conditions. Previous studies had 

been used the power law to assess the attenuation coefficient (α) in human blood at different frequencies as mentioned in 

references 12, 18, 24, 29, and 30. It was well reported that attenuation mechanism in human blood depends on many factors at 

the cellular level owing to structure of molecule, intermolecular forces, viscosity and the thermal molecular properties [21]. 

Krishna et al. presented the acoustic impedance of haemoglobin, plasma and erythrocytes and reported higher acoustic 

impedance in erythrocytes as compared to whole blood at 3 MHz. In this study, the attenuation coefficient of blood samples was 

very close to Krishna et al. work [19]. The absorption in the human blood depends upon the viscosity due to a change in density 

of red blood cells and the surrounding plasma [24]. This mechanism leads to reduce the cell size of blood cells by increasing the 

tonicity of suspension and the osmosis process across the cell membrane.  

The scattering mechanism in the human blood was strongly related to red blood cells including shear rate and the concentration 

of the plasma protein. That is why the concentration of blood protein was considered a biomarker of scattering and the 

absorption process at higher frequency of ultrasound. This study has explained the attenuation coefficient of red blood cell at 

different frequencies. The red blood cell lost its concentration due to application of ultrasound waves and due to the viscosity of 

relative motion at frequencies lower than 15 MHz [25, 26]. Therefore the less concentration of red blood cells was assessed 

after exposure of ultrasound as compared to the control samples. In this study we reported the haematocrit versus speed of 

sound and the density of human blood. The referred density of human blood was taken in 1060 (kg/m3) but density =1044 

(kg/m3) was used to assess the absorption impedance (Z) and the attenuation coefficient () at different frequencies. Several 

experimental studies demonstrated that the attenuation coefficient changes due to the haemoglobin oxygenation as well as 

temperature [27-28-29]. Schneider et al. (1969) explained that a 4% increase in the attenuation coefficient at 10 MHz in 

deoxygenated haemoglobin solution as compared with oxygenated haemoglobin solutions. Similarly the attenuation coefficient 

decreased 8 % at higher frequencies for example 500 MHz.  However, Shung and Ried et al. (1977) elucidated an increase of 60 

% attenuation coefficient at 10 MHz. In this study the attenuation coefficient of HGB (g/dl) was increased at the rate of 1% at 3 

MHz to 11 MHz. It was reported that the attenuation coefficient of ultrasound waves depends upon the concentration of red 

blood cells as well as blood proteins. This minimal increase in HGB might be ignored at physiologically level [12]. However, 

the attenuation coefficient of HGB rose directly at higher frequencies as shown in Table -2 and Figure-1. Williams A.R. et al. 

(1983) studied the interaction of ultrasound with platelets and found the adverse effect of ultrasound effects on platelets 

structure [30]. Another aspect of this study was to find decreased counts of platelets under ultrasound exposure. Treeby BE et al. 

(2010) observed the damaged morphology of platelet during exposure of ultrasound therapy [31]. Similarly, Lunan K.D et al. 
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also found reduced platelets during the application of ultrasound at different frequencies [32]. Meharpour M. et al (2016) 

studied the bioeffect of low intensity effects in the blood in vivo and found reduced number of platelets, HGB and HCT as 

explained by this report [33]. Ultrasound exposure on the leukocytes cells indicated a minimal effect approximate less than 1 %. 

Kasmawan et al. studied the ultrasound effect on leukocytes and erythrocytes in blood cell of mice and reported a decline of 

both blood cells [34]. Oleshkevich et al. (2017) investigated the effects of continuous and modulated ultrasound in blood cells of 

different animal species and reported the leukopenia, cytolysis, destruction, the aggregation of cells, foaming of the cytoplasm 

of granulocytes, rupture of the cytoplasmic membrane, bursting of nuclei, and their deformation and disturbance of their borders 

[36]. In this study, the leukocytes cell counts reduced in very small amount due to its morphology or high immune susceptibility 

of cell structure. This in vitro study has made an effort to assess the hematological outcome. Furthermore, the attenuation 

coefficient () at higher frequencies in human blood might be helpful to understand the physical aspects of ultrasound in 

medical sciences as well as physical sciences. In this study, ultrasound exposure was not conducted more than 11 MHz 

frequency. Ultrasound waves at higher frequencies may present noticeable change in blood cells concentration than low 

frequencies. The limitation of this study was a small data set of blood samples and gender based interpretation of ultrasound. 

CONCLUSION 

In vitro study of ultrasound exposure in human blood presented that hemoglobin, erythrocytes, leucocytes and thrombocytes 

cells count dropped than normal profile of CBC. The reduced blood cell during the ultrasound exposure was the outcomes of 

several biophysical mechanisms for example shear rate, temperature and frequency of ultrasound waves. This study also 

indicated that the attenuation coefficient of ultrasound vary at different frequencies (3.5 MHz to 11 MHz) in the human blood. 

Sheer power-law manipulation in previous and current study is not enough to explain the exposure of ultrasound waves in blood 

cells. Further improvements are requested to estimate the concentration of blood cells during the execution of ultrasound. 

Therefore this work may assist to biophysicists to evaluate the ultrasound exposure in human blood as well as to comprehend 

the attenuation coefficient of ultrasound at different frequencies. 
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