
 

 

 

 

 

 

 

 

 

 

Biomedical Imaging 

 

Prof. Moser 

 

Summary written by Philip Schefer 

 

 

 

 

 

 

 

 

 

 

 

 



Ultrasound 

3.1 Ultrasound Doppler 

3.1.1 Scattering of Ultrasound by Red Blood Cells 

-  Red blood cells are much smaller than the usual wavelength (@ 2 – 10 MHz) 

 Rayleigh scattering:     
 

  
 

- Low cross section  only little sound energy is backscattered to the transducer 

- RBC’s are packed very dense (~40% to 50% of blood volume)  even lower echoes 

- Wave length of 3.5 MHz Ultrasound is about 0.45mm 

3.1.2 Backscattering and Hematocrit 

-  Higher signal strength from diluted blood 

-  Different density of the red blood cells gives a different echo back (backscattering coefficient) 

-  Stationary blood reflects a higher intensity 

3.1.3 Optimal Transmitter Frequency 

-  Attenuation in tissue: ~1dB/cm/MHz, i.e. exponential with frequency f0 

-   Scattering: ~ f0
4 

-  S/N strongly dependent on frequency and penetration depth 

-  Doppler signal is not really measurable at large distances because the signal strength gets too 

weak 

3.2.1 Doppler Effect 

Moving observer:     
   

  
    

   

 
 

Moving source:     
 

 
    

 

   
 

3.2.2 Doppler Effect with Moving Reflector 

Receiver frequency:       
    

 
  

 

    
    

    

    
 

Doppler frequency:               
    

    
       

     

 
  

        

 
 

 

 

 

For v<<c, sound velocity = 

1560m/s, max. blood velocity 

v< 1.5 m/s 



3.2.3 Continuous wave – Doppler Device 

- Array is split into two sections, one which transmits a continuous pulse and the other which 

receives the backscattered signals. 

- The initial signal gets multiplied with the received signal -> difference is the Doppler signal 

3.2.4 Doppler Spectrum and Demodulation 

- In the demodulation procedure the initial frequencies get suppressed by a low pass filter so that 

only the Doppler frequencies can be seen during signal acquisition. 

3.2.5 Detection of Flow direction 

- Introduce a 90° phase shift into the signal in order to get the direction of the flow 

3.2.6 Flow Profile, Doppler Spectrum 

- In a blood vessel all velocities from 0 to Vmax are present, which means all the frequencies from 0 

to fdmax are also present. 

3.2.6 Real Doppler Spectrum with Stationary Echoes 

- The stationary echoe arises from the vessel wall. The wall is vibrating and therefore sends out a 

signal with a frequency close to 0. These unwanted signals have to be filtered out but during this task 

you also filter out the low velocities of the blood right at the vessel wall -> difficulties in signal 

acquisition. 

3.2.7 Signal Dynamic 

- Acoustic power cw/pulse: 130 – 140 dB 

- Dynamic range of receiver: 0 – 100 dB 

- Range gain: 60 – 100 dB 

- Stationary echoes: 0 – 60 dB 

- Doppler signal: 0 – 20 dB 

- Thermal noise: around 0 dB 

3.2.8 Frequency Analysis 

- The Doppler signal frequencies get analysed through the fast-fourier-transform 

3.2.9 Representation of Doppler data: Sonogram 

- Each double-sided Doppler spectrum is represented by a single line in the sonogram 

 

 



3.2.10 Pulsed Doppler Device 

- The transmitter gate at the start of the device produces short wave packages of about 1 

microsecond long pulses 

- After the receiver the mechanism is essentially the same as in continuous wave Doppler 

- The delay between the transmitter gate and the receiver gate determines at which distance a signal 

is acquired 

3.3.1 Time domain in Pulsed Doppler 

- When the transmitter gate is activated coherent wave packets are sent out 

- After that an echo is received with a specific delay time 

3.3.2 Frequency domain 

 

- Spectral lines of the frequencies are shifted  doppler signal 

- Wave package consists out of many frequencies 

 

 

 

 

 



3.3.3 Nyquist Limit 

- If the velocity observed is so high that the doppler shifted signal goes over the Nyquist limit (which 

equals half the pulse-repitition frequency in the positive or negative direction), then the frequency 

can not be identified. 

3.3.4 Measuring Range cw/pulsed Doppler 

Maximum detectable velocity vmax:        
     

       
 

Maximum unambiguous measuring distance dmax:      
 

     
 

3.3.5 Axial Resolution and Transit Time 

Pulse bandwidth:    
 

  
 

Observation time of particle (transit time):    
  

  
 
   

   
 

Doppler bandwidth due to limited observation time:    
 

  
 
   

   
 
   

 
   

- Longer pulse  larger region of interest 

- Shorter pulse  larger bandwidth 

- The larger the region of interest, the longer we can observe (although position gets unclear) 

- Increase Bandwidth  Doppler bandwidth increase  less accuracy 

3.3.6 Transit time effect, Spectral Broadening 

- Doppler bandwidth: single particle with constant velocity 

3.3.7 Lateral Resolution and Transit time 

- Particle is seen from transducer surface among various angles -> spectral broadening 

- A 90 degree angle between the transducer surface and the velocity vector would result in 0 doppler 

shift 

- The higher the lateral resolution, the broader the Doppler spectrum! 

3.3.8 Spectral Broadening 

Spectral broadening occurs: due to the limited observation time (transit time, in axial and/or lateral 

direction), due to acceleration, due to different velocities in the sample volume 

Accuracy of an optimal frequency estimator:     
  

    
 Tm: measurement period 

 Better spatial resolution means higher Doppler bandwith -> lower accuracy in velocity 

(Doppler frequency) estimation 

 



3.3.9 Power Spectrum at different Velocities 

- higher velocity -> shorter transit time 

- The area under the spectrum (which is the power) remains always the same even in a very narrow 

or very broad spectrum 

3.3.10 Colour Doppler 

- Time per scan line = 1 / (No. of lines x frame rate) 

 only 5 to 10 pulses in the same direction are possible, resulting in poor velocity resolution 

(accuracy) 

3.3.11 Colour Velocity Imaging 

- Approach to measure the velocity of red blood cells 

- An algorithm looks for similarities between the first and the second pulse -> time shift can be 

computed -> velocity can be determined (cross correlation in time domain allows velocity estimation) 

- No Nyquist limit! 

3.4.1 Power Doppler 

- The Doppler signal power is displayed (not the frequency shift) 

- more sensitivity 

- no information about flow direction 

- well suited for small parts (small vessels in glands, kidney, etc.) 

3.4.2 Tissue Doppler 

- Doppler signal from moving tissue 

- low velocities but strong signals 

- movement of myocard can be detected 

- Observation after a heart attack, which area of the heart muscle is still contracting 

 

 

 

3.5.1 Contrast Agents 

- Problem: low tissue contrast, weak echoes from blood 



-> Ultrasound contrast agents consist of tiny air bubbles (2-5 micrometers), protected with a 

hull 

-> Contrast agents are injected in blood vessels (normally a vein)  strongly increases echoes 

from blood 

-> Air bubbles in the bloodstream can be dangerous 

-> Blood-Air interface gives a strong reflection signal (Bubble oscillates in the MHz range) 

 

 


