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1. Preface 
 

Congratulations, you received a copy of my master thesis that I conducted in the intensive care 
department of Leiden University Medical Center (LUMC). It was a great opportunity to study all the 
ins and outs in both medical and technical fields during the last six years and to complete this journey 
in collaboration with a high tech medical company and a medical center. 

My academic study career started with the study Electrical Engineering. Although it was a very nice 
study, I was missing something. My girlfriend was studying Medicine and I was somewhat envying her. 
Thus, I decided to participate in the selection for the study Clinical Technology, a one year old study 
from TU Delft, Erasmus University Rotterdam and Leiden University that combines medicine with 
technology. It turned out to be the perfect study for me. 

The first aim of this project was to investigate if the possibilities of continuous ultrasound monitoring 
may be valuable for the critical care. I decided to continue with lung monitoring because we had a lot 
of COVID patients admitted to the hospital at the start of the graduation internship. Philips research 
made me very enthusiastic about a new type of ultrasound ‘patches’. I immediately understood the 
added value and I wanted to work with it as an early adopter. Unfortunately, the manufacturing 
process is still not completed at the end of this thesis. Later, we rewrote the aim to what later could 
be used with the ultrasound patches.  

It was a long way with a lot of failures and successes. I have learned a lot and really enjoyed working 
in the intensive care with very driven people. Moreover, it was a mind-blowing new world at Philips 
where I learned all new business related disciplines. This includes a new vocabulary with words like, 
‘Value streams’, ‘agile’ and other abbreviations (Did, you know these words, Medic’s?). All the 
members of the patient monitoring, ultrasound teams, and all the Philips interns were very kind and 
helpful to me.  

I like to express my sincere appreciation to my supervisors for helping me shape this research, giving 
me the fruitful ideas and for all the time they invested into reviewing my work; thanks David, Jorge 
and Carlos. I want to thank Bram for his helpful insights and discussions, mostly on the ventilator. You 
gave me the courage to start, and really like your enthusiasm about this project. I want to thank Jaap, 
Oleh, Willem, Roberto, and Deep for your really valuable discussions on this project and the feedback 
you gave me. Jaap, you were my first contact person for my technical questions and you were always 
available. Finally, I would like to thank Hoa. You are a real bridge maker, connecting all valuable 
members to this project. you embrace this project and bring it to attention. Hopefully, once 
completed, we can bring this project to reality. 

More appreciations go out to my family and girlfriend, who listened endlessly to my stories on lung 
monitoring and supported me, thank you! 

 

My student time is over. It is time for a new adventure! 

          J.M. Visser 

          Leiden, March 2022 
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2. Abstract 
 

Background: The prevention of ventilator-induced lung injury (VILI) is an important topic in critical 
care. Lung overdistention is a great attributor to VILI. Regional evaluation of the pulmonary mechanics 
is a relatively new method and is currently being studied using electrical impedance tomography (EIT) 
and computed tomography (CT). However, ultrasonography may be an effective alternative to 
measure lung overdistention by quantifying lung sliding.   

Objective: The primary aim of this study was to explore if lung sliding can be quantified using in-house 
made speckle tracking algorithms. Second, the usability of lung sliding quantification to detect lung 
overdistention was investigated.  

Method: Two speckle tracking algorithms were built and validated to quantify lung sliding. Adult 
patients admitted to the ICU were prospectively examined using ultrasound. Ultrasound images were 
analyzed offline using the in-house developed Fourier-Based Speckle Tracking algorithm (FBST) and 
the Intensity-Based Speckle Tracking algorithm (IBST). The performance of the best algorithm was 
validated against the manual evaluation of lung sliding by experts and validated against lung 
compliance. Besides, the performance of the best algorithm was investigated by reproducibility 
testing. Finally, we tested the algorithm for its ability to detect lung overdistention.  

Results: The FBST algorithm could not reliably quantify lung sliding and was not further evaluated. 
However, the IBST algorithm showed an overall success rate of 88%. Moreover, the IBST algorithm 
differentiated normal and moderate lung sliding with a mean IBST score of 12.1 and 29, respectively 
(p<0.001). A positive correlation was measured between IBST score and lung compliance (β 0.15, SE 
0.025, 95% CI 0.101-0.208, p <0.001). The reproducibility test calculated a relative standard error of 
2.7. Finally, a difference was found in IBST scores between patients with a PEEP value <12 and ≥12 
with a mean ± SD of 20.9 ± 7 and 12.6 ± 6, p < 0.05, respectively.  

Conclusion:  The IBST algorithm enables a robust lung sliding quantification. The IBST scores correlate 
well with expert opinion and lung compliance, but the reliability needs improvement. Our results show 
that detection of lung overdistention using ultrasound is feasible. Further clinical studies should assess 
if ultrasonography can measure lung overdistention. 
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3. List of abbreviations 
 

 

Abbreviation Explanation 
ANOVA Analysis of variance 
ARDS Acute respiratory disease syndrome 
ASV Adaptive support ventilation 
AUC Area under the curve  
CI Confidence interval 
CMUT Capacitive micromachined ultrasonic transducer 
COVID-19 Coronavirus disease 2019  
CT Computed tomography 
DICOM Digital imaging and communications in medicine 
EIT Electrical impedance tomography 
etCO2 End tidal C02 
FBST Fourier based speckle tracking 
FFT Fast Fourier transform 
FOV Field of view 
IBST Intensity-based speckle tracking 
ICU Intensive care unit 
LUMC Leiden university medical center 
LUS Lung Ultrasound 
NCC Normalized cross correlation 
p-CMV Pressure controlled mandatory ventilation 
PEEP Positive end-expiratory pressure 
PMDS Patient Data Management System 
POCUS Point Of Care Ultrasound 
SDC Speckle decorrelation 
SE Standard error 
ST Speckle tracking 
US Ultrasound 
VILI Ventilator induced lung injury 
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4. Introduction 
 

4.1 Clinical need 
Severe respiratory failure happens when gas exchange is compromised by underlying lung 
abnormalities, such as consolidations, atelectasis, or a compound of these in what is known as the 
acute respiratory distress syndrome (ARDS). Many of these patients end up mechanically ventilated 
to keep them alive but paradoxically this mechanical ventilation can also potentially harm the lung 
even further resulting in ventilator-induced lung injury (VILI) (1). VILI is caused by a combination of 
factors including  alveolar overdistention from excessive tidal volumes (volutrauma) and opening and 
closing of alveoli (atelectotrauma) (2). Recruitment maneuvers as well as applying positive end 
expiratory pressure (PEEP) may provide significant benefit by reducing the latter traumas. However 
these maneuvers are not indolent and cause potential further damage in the form of overextension 
to healthier parts of the lung. This regional overdistention is linked to the aforementioned volutrauma 
and barotrauma with possible activation of cytokine storms resulting in multi-organ dysfunction (3).  

The effective aim of lung protective mechanical ventilation is to determine the ventilator setting that 
maximally opens the parts of the lung that are closed without overextension of the parts that are still 
open. The critical care community is constantly searching for ways to achieve this utopic form of 
ventilation. For instance, the measurement of esophageal pressure as a surrogate of pleural pressure 
has been studied as a tool to prevent VILI (4). Although this technique may lead to a better 
understanding of actual trans pulmonary pressures during mechanical ventilation it does not assess 
regional overdistension due to the intrinsic heterogeneity of acute lung injury.  

Lung imaging has also been studied. As of now, reliable data regarding the regional differences in the 
lung may only be gathered by way of serial CT scanning or electrical impedance tomography (EIT) 
measurements. Serial CT scan is limited by the required mobilization of these critically ill patients and 
the risk involved in the latter, while EIT requires additional tools not readily available to all intensive 
care units. We believe that ultrasonography may be an effective alternative without the limitations of 
the aforementioned  techniques. One example of the potential of ultrasound to better understand the 
actual pulmonary status is B-line quantification algorithms. 

4.2 Lung Ultrasound(LUS) and POCUS  
Ultrasonography is an imaging modality dating back to 1963 when the initial B mode ultrasound 
devices were constructed. A two-dimensional image gave the examiner the possibility to look inside 
the human body without radiation. In the mid-seventies, the devices were able to create a real-time 
two-dimensional view that identified dynamic properties of tissues. The transducer transmits a 
soundwave pulse through the body and subsequently receives the echoed sound waves. By way of 
sound wave transmission, reflection, and impedance transmissions, images are generated and tissues 
are differentiated (5). Later, more advanced devices were implemented that integrated Doppler effect 
techniques for visualizing and quantification of  blood flow (6).  

Ultrasound devices are constantly improving. For instance, because transducers are smaller and more 
portable, attachment to phones and tablets is feasible and accessible. Ultrasound examinations 
presently are not limited by departmental location and can be performed at the bedside. This new 
method is called point-of-care ultrasound or POCUS. Doctors in acute scenarios can directly test 
specific pathological hypotheses to reach a fast and correct diagnosis.  

One of the applications of POCUS is the use of bedside lung ultrasound in emergency settings. 
Liechtenstein et al. first described the use of ultrasound to diagnose acute pulmonary pathology in the 
so called “BLUE” protocol (7). This was the first time lung ultrasound was recognized as a valuable 
diagnostic tool since before then it was assumed that given the air filled nature of the lung ultrasound 
of the lung was not feasible. The BLUE protocol is based on three measurements: First, the number of 
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B-lines represents comet trail artifact on imaging which is indicative of fluid infiltration between the 
lung parenchyma and the pleurae. Horizontal A-lines reside beneath the pleural line and represent 
correct aeration and is therefore a feature of normal lung. Second, pleural movement is scored by the 
presence or absence of lung sliding and the morphology of the pleurae (normal thickened or fraying). 
Third, the presence of lung consolidations (non-ventilated areas) are depicted as liver-like tissue in 
imaging. Lung ultrasound scoring systems reflecting  the level of atelectasis and consolidations in 
different areas of the lung and therefore providing a better understanding of regional differences. 
These simple measurements could detect various types of diagnoses with high accuracy (7). However, 
one drawback is that the LUS examination must be performed by a person and not automatically. 
Therefore, obtaining a continuous measurement over more days is very labor intensive. Examples of 
lung ultrasound images are depicted in figure 1A, 1B. 
 

 
Figure 1A: B-lines extending from pleural line to the bottom of the image. Ultrasonography image is 
made using a phased array Lumify transducer. Interstitial pulmonary edema accumulates with the 
number of B-lines. The pleural line is partly colored blue. Ribs are depicted as white stars and are 
recognizable by the black shadow underneath.  
 

 
Figure 1B: No B-lines extending from pleural line and the presence of an A-line indicates no interstitial 
pulmonary edema and correct aeration of the lung.  
 
Several studies hypotheses that a reduction lung sliding could be an indication of lung overdistention. 
(8, 9) As can described in the BLUE protocol, ultrasound is able to detect lung sliding. Lung sliding can 
visually be recognized by a dynamic hyperechoic line in the image. This is caused by the visceral pleura 
that moving against the parietal pleura with respiration. In literature, a first approach to quantify lung 
sliding is seen in patients with a pneumothorax. However, they used a speckle tracking algorithm used 
for cardiac strain analysis and only available on GE ultrasound systems. Still, this software cannot be 
currently used in clinical practice because the software is not intended to quantify lung sliding and 
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lacks continuous measurement of lung sliding. The results of this study were promising with a perfect 
detection of pneumothorax patients in a retrospective cohort study. (10) Yet, still no commercial 
software is available to quantify lung sliding. 

4.3 Ventilation optimization as a future goal  
Alterations to the ventilation settings are done frequently by the healthcare professionals and are 
guided by oxygen saturation percentages and the results of blood gas analyses (pH, pO2, pCO2). 
However, in most hospitals, no strategies are used that may inform clinicians on regional lung 
ventilation which may lead to overdistention of healthy lung zones. Theoretically, this information 
may be crucial to ascertain that a safe mechanical ventilation strategy is applied.  
 
Continuous monitoring of lung morphology in ARDS may be of benefit as the regional differences in 
the lung as well as the overall clinical situation changes continuously over time. Based on a previously 
performed literature review, the use of Electrical Impedance Tomography (EIT) is bale to measure 
regional- air distribution, lung overdistention, and lung collapse in real-time. However, EIT has severe 
limitations as mentioned earlier. We believe that in contrast to EIT, Lung ultrasonography may also be 
able to provide accurate measurements for alveolar stress, lung movement, and extravascular lung 
water in real-time with a high spatial resolution but with low costs and high availability. 
 
Our future goal is to integrate lung monitoring solutions with the ventilator. An idea is to integrate 
multiple transducers to specify information on a regional level of the lung during mechanical  
 
ventilation. Monitoring devices such as ultrasound patches (Appendix A4) may be able to provide 
continuous lung ultrasound images in a small form factor. With the use of advanced image processing 
techniques we may be able to constantly screen for and quantify pulmonary oedema and monitoring 
of lung sliding may be able to measure lung overdistention continuously. A trained model with these 
measurements could provide a closed-loop ventilator algorithm that regularly evaluates the ventilator 
settings and automatically optimizes the ventilation strategy.  

4.4 Aim 
This thesis aims to explore if lung sliding can be quantified using speckle tracking software without the 
use of any proprietary software. Next, the functionality will be validated against the manual evaluation 
of lung sliding by experts and ventilation compliance. Then, we will investigate if the quantification of 
lung sliding can be used to detect lung overdistention. We hypothesized that an overdistended lung 
results in a movement reduction during lung sliding, which will be quantified using an in-house 
developed speckle tracking algorithm (8, 9). The performance of the algorithm will be tested using the 
clinical data we will collect during this research.  

The main goal is divided into the following objectives: 

• Developing an algorithm to quantify lung sliding.  
• Validating the performance of the lung sliding quantification algorithm using clinical data. 
• Investigating implementation of the lung sliding quantification algorithm for prediction of 

lung overdistention. 
 
This research project will be performed at the Leiden University Medical Center (LUMC) at the 
Intensive Care department and is a collaboration between the LUMC and Philips Research. 
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5. Methods 
 

5.1 Data acquisition 

Ultrasonographical and ventilation data for this study were acquired prospectively during the study 
period and were used to validate the algorithm. All patients older than eighteen admitted to the 
intensive care unit of LUMC were eligible. Included patients were regularly examined with lung 
sonography using the Ultrasound Targeted OPtimization In Acute lung injury (UTOPIA) protocol. 
(appendix A3).  Patients were excluded if they were not intubated or feeling discomfort during 
examination. Patients characteristics were obtained from the Patient Data Management System 
(PDMS).  

 
Our study uses standardized locations of lung ultrasound examination as has been recommended in 
the study of Dargent et al. (11). There are six areas in each lung. A schematic overview of these 
locations is depicted in figure 2. 
 
First, zone 1 and 2 are between parasternal line and anterior axillary line. Second, zone 3 and 4 are 
between anterior axillary line and posterior axillary line. Last, zone 5 and 6 are between posterior 
axillary line and the posterior median line. Then, the zones are subdivided using the midline of the 
thorax.  

 

Figure 2: Each lung is separated into six quadrants: anterior, lateral and posterior zones that are 
further divided in an upper and lower zone. Image from Deng, Q., Cao, S., Wang, H. et al. (12) 

 

We employed the Lumify phased array transducer S4-1 (FOV 90 degree, scan depth: 24 cm, bandwidth 
4-1Mhz) in combination with a Samsung galaxy tab and lumify app to perform a complete lung 
examination. The examinations were made by a trained medical student. Furthermore, we chose to 
use the B-line quantification feature integrated in the software that guide the sonographer in which 
order the lung segments need to be examined. The software then annotates the image automatically 
with corresponding location. Before each examination, the following settings were set: lung preset, 
clip duration 7 sec, depth 12 cm and gain 49. Each of the 12 lung ultrasound clips are saved as Digital 
imaging and communications in medicine (DICOM) files, exported with an USB flash drive and 
pseudonymized. During our Lumify based acquisition protocol a general ultrasonic gel is used.  
 

L2 
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Ventilation data was collected simultaneously with the ultrasound data. All patients were ventilated 
using the Hamilton C6 ventilator. Ventilation modes can variate between pressure controlled 
mandatory ventilation (p-CMV), adaptive support ventilation (ASV), and spontaneous. P-CMV was 
preferred because the pressure and volume measurements were more predictable. Hamilton memory 
box dongle was attached to the ventilator and used to log following parameters: tidal volume, 
pressure, flow, and etCO2. Data was recorded with a sample rate of 100 Hz. After data recording, the 
data is extracted from the SD card and saved to a secured server. The data of the ventilator were 
offline linked with the pseudonymized data of the ultrasound data. The ventilator data was not 
synchronized with the ultrasound measurements. Therefore the time difference of inspiration 
between ventilation data and ultrasound data cannot retrospectively be determined. 

 
5.2 Building a lung sliding algorithm 

 
For the quantification of lung sliding, this thesis explored two methods. The first method was a Fourier-
based block-matching algorithm. This method is also known as the speckle tracking algorithm and 
generally known in cardiac strain imaging. (13) The second method was a temporal magnitude changes 
algorithm based on a frame to frame intensity change. The author built both algorithms in MATLAB 
(2021b, MathWorks, USA).  
 
 

A. Fourier-based speckle tracking algorithm 
 

The Fourier-based speckle tracking (FBST) uses multiple tracking blocks that can be manually or 
automatically placed in the lung ultrasound image. Automatic placement of a tracking block is only 
available when using a pleura segmentation tool. For the purpose of pleura tracking, these blocks are 
placed on the pleural line. A search window is defined around the target as another block that is two 
times the size of the tracking block, as depicted in figure 3. Next, the search window is divided into 
non-overlapping blocks. The algorithm then searches for each tracking block, which is the most similar 
block within the search window. The search window prevents incorrect locations and lowers 
computational costs. The motion displacement is measured by the center pixels' location difference 
between frame T and frame T+1.   

 
Figure 3: Schematic overview of the search window. N and M are two times the size of n and m. 
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The similarity measurement of the algorithm uses a normalized cross-correlation (NCC) metric. Several 
studies found NCC the most stable tracking metric because it normalizes the intensity differences 
between frames (14). For the metric calculation, we use the cross-correlation theorem used by Garcia 
et al. depicted in figure 4 (15). 
 
 

 
Figure 4: Speckle tracking method using Fourier shift. Illustration by Garcia et al. (15) 
 
The following steps were performed in the algorithm. The graphical representation is depicted in 
figure 5.  

 
1. Load DICOM image as matrix data and import ventilation data. 
2. Calculate the target energy block that is used later for normalization with [M, N] being the size 

of the target block.  

Energy_target = √∑ 𝑇𝑎𝑟𝑔𝑒𝑡(𝑀, 𝑁)2 

3. Rotate the target image 180 degrees. This is equal to the complex conjugate function as 
described in figure xx. 

4. Add zero padding to equalize the dimensions of the target image to the search window. 
5. Compute the discrete Fourier transform of the target image using the standard MATLAB 

function Fast Fourier Transfer (FFT). 
6. Repeat step 2-5 for every search block.  
7. Compute the discrete Fourier transform of the search window image using the standard 

MATLAB function FFT. 
8. Calculate the energy of the search window block.  
9. Calculate the similarity map by: 

Similarity map = 𝑓𝑓𝑡(𝑡𝑎𝑟𝑔𝑒𝑡) ∗ 𝑓𝑓𝑡(𝑠𝑒𝑎𝑟𝑐ℎ 𝑤𝑖𝑛𝑑𝑜𝑤 𝑖𝑚𝑎𝑔𝑒) 

10. Normalize similarity calculation by: 

Normalized similarity map =  
𝑓𝑓𝑡(𝑡𝑎𝑟𝑔𝑒𝑡) ∗ 𝑓𝑓𝑡(𝑠𝑒𝑎𝑟𝑐ℎ 𝑤𝑖𝑛𝑑𝑜𝑤 𝑖𝑚𝑎𝑔𝑒)

𝐸𝑛𝑒𝑟𝑔𝑦𝑡𝑎𝑟𝑔𝑒𝑡 ∗ 𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑒𝑎𝑟𝑐ℎ𝑤𝑖𝑛𝑑𝑜𝑤
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11. Find the maximum value in the similarity map and determine corresponding coordinates. 
12. Move target blocks to new locations. 
13. Repeat steps 1-12 for each frame in the acquisition. 

Figure 5: Flowchart FBST algorithm. 

After the speckle tracking analysis, the displacement between two blocks are plotted over time. During 
inspiration, the distance between two blocks should increase whereas expiration should decrease the 
distance. To evaluate the movability of lung sliding the peak-to-peak value of the displacement was 
calculated. This value is called FBST score.  

 

B. Intensity-based speckle tracking algorithm 
 

The intensity-based speckle tracking (IBST) algorithm does not determine a direct displacement of the 
visceral pleural line but calculates the magnitude of intensity changes to estimate the movement of 
the lung sliding. The displacement could theoretically be estimated by the integral of the velocity 
measurement.  
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To start the algorithm, a target block is placed automatically on the pleural line with the upper half of 
the square filled with muscle tissue, this was done by pleural segmentation. An intensity-based 
thresholding is performed to separate the hyperechoic structures from the other structures. Besides 
the pleura, other high intensity structures like muscles will be segmented. However, the pleural line is 
the most prominent structure. Next, we select the largest segmentation in the image and the center 
coordinate of that segmentation is determined. The vertical y coordinate of the segmented center 
coordinate is used as the height of the pleura. Then, the coordinates of the tracking block are placed 
on the same height of the pleura and below the origin of the ultrasound beam, in the middle of the x 
axis. The segmentation step is also visually explained in figure 6.  
 
The FBST algorithm as described above is used to track the target block to filter out transducer motion 
and other artifacts. Each target image of 100x100 pixels is saved in a memory vector. After some 
executive frames, the algorithm starts with the calculations to determine the movement per pixel 
resulting in 10,000 signals with intensity values versus time in multiple samples. The Fourier transfer 
function creates a frequency plot that shows each frequency and its corresponding magnitude. All 
frequencies above a certain threshold were summed per pixel.  A Vesselness segmentation algorithm 
selects the pixels of the pleura to only measure pleural movement. 
 
The following steps were performed in the algorithm. The graphical representation is depicted in 
figure 6. 

1. Load DICOM image as matrix data and import ventilation data. 
2. Select region of interest. Move the target box to the pleural line with the upper half filled with 

muscle tissue.  
3. Save target image matrix to memory. 
4. Move the target image to the next location. 
5. Take the last saved target images to calculate the frequency plots of all the pixels. 
6. Add data regularization operations. 
7. Perform automatic segmentation on pleural line by Vesselness2D filter (16). 
8. Average all pixels within the pleura segmentation step to define the average value for the 

pleural movement. 
9. Repeat steps 3-9 for each frame in the acquisition. 

 

A final report is created in three steps. First, all LUS DICOM files of one patient are processed. Second, 
the corresponding lung locations are detected by searching the location annotation in the image. 
Finally, the graphs of the locations are plotted in alphabetic order. Each plot will show the signal of 
movability of the pleural line and the ventilator's corresponding flow and pressure data. To summarize 
the movability of the pleural line in one value, the area under the curve of the movability signal is 
calculated. This value is called the IBST score.   
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Figure 6: Flow diagram of the IBST algorithm. 
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5.3 Data analysis 

5.3.1 General performance of both algorithms 
First, all LUS DICOM files per patient were processed. The ultrasound clips were analyzed offline using 
the lung sliding algorithms as described in section 5.2. A final report as output depicts all movability 
scores of the different lung segments. The FBST and IBST algorithms were tested on general 
performance and their output was visually inspected. Then, the best algorithm was chosen by the 
author and further assessed in all following steps. Next, we reviewed the success rate of the best 
algorithm and evaluated the types of errors. The errors were detected by visually inspecting each 
tracking operation per ultrasound clip. Then, the lung sliding signal produced by the best algorithm 
was compared with the flow and pressure signal of the ventilator in one patient. Finally, we compared 
the lung sliding score with a radiological image in another patient. 

5.3.2 Validation experiments 
A. Expert lung sliding quantification versus lung sliding quantification algorithm 

A survey was created to compare the quantified lung movement with expert assessment. We made 
an easy to work with, web-based survey using Limesurvey. Twenty-three ultrasound images were 
randomly chosen out the prospectively collected data. Each image was inspected beforehand and 
excluded if the image had tracking failures. Four lung ultrasonography experts received an email with 
a link to the survey. The ultrasound clips were visualized to the experts one by one together with the 
question: ‘How would you characterize this pleura?’. Then, the experts were asked to choose one of 
the following options: no lung sliding, moderate lung sliding, or normal lung sliding. An example is 
depicted in figure 7. Only the images with more than 75% consensus were analyzed. The images were 
grouped based on the categorization of the experts. An ANOVA statistical test was used to test the 
differences of the lung sliding score between the three lung sliding options. Furthermore we 
calculated the agreement between the raters by following formula: 

𝐼𝑛𝑡𝑒𝑟𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑟 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 = ( 
𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡𝑠

𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡𝑠 + 𝐷𝑖𝑠𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡𝑠
)  𝑥 100 

With agreements the total number of ultrasound clips that had 100% consensus between all raters 
and disagreements the total number of ultrasound clips with less than 100% consensus.  
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Figure 7: Example question of the lung sliding questionnaire. Ultrasound clips were converted as gif 
files so they appear as dynamic images on the webpage.  

 

B. Correlation between lung sliding quantification algorithm and lung compliance 

The lung compliance experiment uses all patients ultrasound data available at the moment of analysis. 
Patients ventilated with spontaneous ventilation mode and patients data with more than 25% missing 
data were excluded from the analysis. Patient data were sorted by unique patient ID to account for 
repeated measurements. Ventilation compliances values at the time of examination were extracted 
from the PMCS. The lung sliding score was averaged between all lung segments to match with the 
global measurement of the lung compliance.  

A linear mixed-effect model was used to test the association between lung movement and lung 
compliance. MATLAB was used to fit the linear mixed-effect model. (17) We used a fixed effect for the 
lung compliance and a random effect for the patients' unique ID, resulting in the following formula: 

𝐿𝑢𝑛𝑔𝑠𝑙𝑖𝑑𝑖𝑛𝑔 𝑠𝑐𝑜𝑟𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ~ 1 +  𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 + (1|𝑃𝑎𝑡𝑖𝑒𝑛𝑡𝐼𝐷) 
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C. Correlation between lung sliding quantification algorithm and overdistention  

For lung overdistention experiment we use all patients ultrasound data available at the moment of 
analysis. PEEP was extracted from the PMCS at the time of examination. The ability to detect 
overdistention using the lung sliding quantification was tested by dividing patients into two groups. 
The first group was ventilated with a low PEEP (<12). We proposed that these patients were less prone 
to lung overdistention because lower PEEP pressure is associated with less lung overdistention. (18) 
the second group was ventilated with a PEEP 12 or above.   

The frontal regions in the lungs are more sensitive for lung overdistention. (19) We average the four 
frontal regions (L1, L2, R1, R2) for each patient and compare the PEEP groups in mean and standard 
deviation. Differences were compared using a two sampled t-test for data with a normal distribution 
and equal variances. Anderson-Darling test was used to test if data was normally distributed. P values 
<0,05 were considered statistically significant. 

 

5.3.3 Reproducibility of lung sliding quantification 
Reproducibility testing is necessary to assess possible fluctuations on the measurement. The 
ultrasound examination was repeated three times on one patient. Four different lung segments were 
used (R5, R6, L5, L6). Reposition of the probe was performed with great care to assure the same 
position. Resulting in a total of twelve ultrasound measures. The patient laid in a supine position and 
was fully sedated. To account for possible spontaneous breathing, we chose to examine a patient 
treated with a muscle relaxation agent and ventilated using a pressure-controlled ventilation mode.  

A 95% confidence plot was made to visualize the variation of the lung sliding signal. One lung segment 
was chosen. The three measurements of that lung segment where synchronized by shifting the signals 
so that the first peak match in time between all three signals. Then, the signal is averaged for each 
time point and a 95% confidence interval was calculated.  

The remaining three lung segments were compared based on their lung sliding score and visual 
inspection of the ultrasound clip.   
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6. Results  
 

6.1 Data collection 
A total of 21 patients were included in this study. All patients were admitted to the ICU due to 
respiratory failure caused by SARS-COV-19 infection. A total of 477 DICOM files were created during 
this research. Demographic data are visualized in table 1. More men than women were admitted to 
the ICU and the women were older.  

 
Number of patients 21 
Sex (m/v) 16/5 
Mean age (m/v) [std] 54 [12.5]/67 [6.8] P = 0.04 
Total recorded US images 477 
Modes (n=61): 
# CMV 18 
# ASV 26 
# Spontaneous  17 

Table 1: Table with demographic data 

 

6.2 Characteristics and general performance of the FBST algorithm 
The trackability of the FBST algorithm was tested on three ultrasonographic samples. Tracking the 
pleural movements was unreliable when using the FBST algorithm alone, which was indicated by the 
glitching movement of the tracking block. Tracking of intercostal muscles and diaphragm were 
remarkably better by eyeballing the number of glitches. An example of a representative glitch is 
depicted in figure 8.  

 

Figure 8: Example of glitch during lung sliding quantification. The solid square is the location of the 
speckle pattern in the current frame. Next location of the speckle pattern as the algorithm proposed 
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is indicated by the dotted square. Green tracking block displacement is in line with plausible 
translation. Yellow tracking block translocation is unplausible and called a glitch.    

Upon closer examination of the probability map, it was ascertained that the algorithm is unfortunately 
unable to discern a correlation peak to the location where the speckle pattern has moved. We 
observed that the probability is almost equal across the entire pleural line. A 3D representation of the 
probability map is depicted in figure 9. Because the locations of the speckle patterns could not be 
followed in time due too low uncertainty, FBST was considered unusable for the application of lung 
sliding detection.  

 

 

Figure 9: Probability surface of ST algorithm.  The Z axis represents probability between [0..1]. One 
distinctive peak is missing in the surface.    

6.3 Characteristics and general performance of the IBST algorithm 
The IBST algorithm had an overall successful tracking rate of 88%. Most errors occurred due to 
incorrect initial pleural line detection and real-time segmentation of the pleural line by the Vesselness 
filter. This resulted in failure rates of 8.4% and 4.5%, respectively. A total overview of the different 
mistakes is depicted in table 2. Appendix A2 graphically show the typical mistakes made by the 
algorithm.  

 N 
Ultrasound examinations  477 
Successful examinations 420 
Initial pleura detection mistakes  
  -  A-line segmentation 18 
  -  Muscles segmentation 19 
Real-time pleura segmentation mistakes 20 

Table 2: Overview of different mistakes that caused incorrect analysis of pleural movement.  

 
An example of a pleural movement analysis signal using the IBST is depicted in figure 10. The 
respiratory phases can be differentiated by the two peaks in the IBST signal, the peaks are depicted 
with the blue and orange triangles. The inspiratory phase starts at the beginning of the peak with the 
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orange triangle. The expiratory phase starts in between the blue and orange peak where it makes a 
turn into an increase of lung sliding caused by the lung deflation.  

A movement signal is combined with flow and pressure information of the ventilator. Figure 10 depicts 
an accurate delineation of the flow and lung movement, suggesting a correlation between lung 
movement and lung flow.  
 

 
Figure 10: Two examples of IBST signals combined with flow and pressure data of the Hamilton C6 
ventilator. Figures R5 and R6 show an increased signal together with the increase of flow. Figure R5 
shows an increased IBST signal (blue triangle) together with an inverse flow. Note that the IBST signal 
resembles the absolute signal of flow. Purple line represent flow in [ml/s], light blue line represents 
raw IBST signal, orange line represent filtered IBST signal and dark blue represents pressure in [cm 
H20].   
 
Comparing radiological images with the IBST movability score suggested that the IBST score is able to 
recognize pulmonary abnormalities. A representative example of this is depicted in figure 11 which 
shows that a lower score of IBST was observed right versus left in a COVID patient with predominantly 
right sides pulmonary abnormalities.  
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Figure 11: Radiographic thorax image of a COVID patient with pneumonitis and subsegmental 
pulmonary embolisms. Consolidations can be seen bilaterally, especially in the right lung. The 
corresponding mean IBST scores were 22.4 in the left lung and 15.3 in the right lung. The blue arrow 
pointed to the left lung is more aerated because more black on a radiological image represents more 
air. 
 
 
6.4 Validation experiments  
 

A: Expert lung sliding quantification versus lung sliding quantification algorithm  

Interobserver agreement of the lung sliding assessment was 56%. The boxplot in figure 12 visualizes 
the correlation between the images categorized by the experts and the IBST score. The IBST score 
discriminates well between slight to moderate lung sliding and normal lung sliding as assessed by 
experts. As only one image was categorized as no lung sliding with a corresponding IBST score of 6.9, 
this category was merged with the moderate lung sliding group and the resulting category was 
renamed as slight to moderate lung sliding. The slight to moderate lung sliding group and the normal 
lung sliding group had a mean IBST score of 12.1 and 29, respectively. These groups were significantly 
different in IBST scores with a P-value of <0.001.  
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Figure 12: Boxplot describing the correlation between the categorization of lung sliding by medical 
experts and the IBST score. The normal lung sliding group (n=11) had a significantly higher IBST score 
than the slight to moderate lung sliding group (n=9). One outlier is marked with a red plus. The normal 
lung sliding group had an overall higher variation of IBST scores compared with the slight to moderate 
lung sliding group.  
 

B: Correlation between IBST score and compliance  

Data of ten patients in total were used to find a correlation between the IBST score and lung 
compliance. Two patients were measured twice and three patients were measured three times. 
Within patients with repeated measurements, we found an overall positive correlation between lung 
compliance and the IBST score averaged over all lung zones (figure 13). However, the slope and 
intercept between the patients differed. A linear mixed model corrected for repeated measurements 
was fitted between the individual points in the right scatterplot in figure 13. Lung compliance was 
associated with IBST score (β 0.15, SE 0.025, 95% CI 0.101-0.208, P <0.001).  
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Figure 13: Scatterplot for the correlation between lung compliance and IBST score. Each colored line 
in the left scatterplot represents one patient. The red line in the right scatter plot represents the fitted 
linear mixed model. 

C. Correlation between IBST score and overdistention  

Patients were divided in two equal groups of n=9 based on PEEP value. In patients with PEEP below 
12 cm H2O, the mean IBST score of the four frontal regions was significantly higher than in patients 
with PEEP equal or above 12 cm H2O with a mean ± SD of 20.9 ± 7 and 12.6 ± 6, p < 0.05 respectively 
(figure 14). Both groups were normally distributed. One outlier was detected with a mean IBST score 
of 23 and a PEEP of 16. No significant differences in age or lung compliance between the two PEEP 
groups were detected. 
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Figure 14: Boxplot describing the correlation between the PEEP groups and the IBST score. The PEEP 
<12 group (n=9) had a significantly higher IBST score than the PEEP ≥12 group (n=9). 
 
 
6.5 Reproducibility of IBST algorithm 
An example of the IBST signal of L6 with a 95% confidence interval is depicted in figure 15. Standard 
error of the IBST score in L6 was 2.7. The L5 and R6 measurement showed no reproducibility. The 
images of R5 consist of consolidated lung tissue and the IBST scores of these images were 
consistently low.  

 
Figure 15: IBST signal of lung segment L6 with 95% confidence interval. The value of movability is 
dimensionless. Dark blue represents the mean between the repeated measurements and light blue 
represents the 95% confidence interval per sample time. 
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7. Discussion 
7.1 Study findings 
In the present study we explored the use of lung sliding quantification using the in-house made speckle 
tracking algorithms. Intensity-based speckle tracking (IBST) was a robust measurement for lung sliding 
quantification. Whereas, Fourier-based speckle tracking was not able for lung sliding quantification. 
Lung sliding quantification using IBST correlates well with lung compliance and lung sliding scoring 
determined by lung sonography experts. Our correlation with expert opinion showed strong evidence 
that the algorithm can score the level of lung sliding as good as the lung sonography experts. 
Considering the fact for high interobserver variability, this might suggest that the algorithm could 
potentially score the lung sliding even better than lung sonography experts.  

To our knowledge, this study also shows for the first time that lung sliding quantification is feasible to  
detect lung overdistention. Therefore, lung sliding quantification can potentially be used for lung 
overdistention monitoring. This can be inferred by the observation that a decreased lung sliding is 
correlated to a decline in lung compliance at the final stage of inspiration in frontal regions. According 
to our data, a significant decline in mean IBST score between frontal regions in the patient group (>12 
PEEP) compared to patient group (<12 PEEP) suggests that lung ultrasound monitoring could detect 
lung overdistention. This difference could not be indicated by a PEEP threshold alone, so further 
regional measurements will be needed for confirmation. To do this CT or EIT imaging methods serve 
as the standard for identifying overdistention. However, CT scan based evaluation of lung 
overdistention is rarely utilized in a non-research setting due to the labor-intensity of transportation 
of patients as well as radiation exposure. Unfortunately, EIT is not available in our hospital but may be 
accrued for follow up experiments.  

7.2 Intensity-Based Speckle Tracking 
IBST uses speckle intensity changes to measure lung sliding. The algorithm works better than the FBST 
algorithm because the speckle pattern does not need unique speckle patterns to track. Using IBST, 
speckle alteration is followed at a static location and is termed as speckle tracking decorrelation (SDC). 
(20). However, a disadvantage of the speckle tracking decorrelation method is difficulty distinguishing 
sonography plane directionality. For the application of lung sliding quantification, the direction of the 
lung movement is not relevant or realized using ventilator data. As such, SDC is already used to 
quantify blood flow in ultrasonic applications but not yet used for lung sliding quantification (20). 

The IBST output is a clear recognizable signal that is conform the ventilator data. Both the inspiratory 
and expiratory phases can be differentiated. Also, the I:E ratio which is presented as the proportion of 
the inspiratory and expiratory phases in one breath cycle was visually recognizable in the IBST signal. 
Furthermore, the IBST output score was compared with a radiological image. There was a clear visible 
difference in aeration caused by a predominantly right sides pulmonary abnormality. The IBST showed 
the same difference in IBST score between both sides, suggesting that the less aerated lung has less 
lung sliding. The morphology of the IBST signal may contain also information on lung pathologies. Auto 
PEEP for example could delay the lung deflation resulting in a lower expiratory peak and a decrease in 
the IBST signal. However, these effects were not investigated in this study.  

Overall, the segmentation performance of the algorithm was not bad, with a segmentation failure rate 
of initial pleura line detection and real-time segmentation of 8.4% and 4.5%, respectively. Because of 
the significant change of inaccurate measurements, each image must be checked manually. 
Segmentation of the pleura was based on intensity thresholding and morphological operations and is 
a simple method to segment the pleural line. More robust methods for pleural line detection are 
random walk algorithm (21), Radon transform line detection (22), and neural networks-based 
segmentations (23) and could increase the performance of the IBST algorithm (24). 

Several articles describe lung sliding quantification for pneumothorax detection, but none mention 
the effects of lung compliance and overdistention on the lung sliding quantification. Duclos et al. and 
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Lichtenstein et al. both suggest that lung sliding quantification could be used to detect alveolar stress 
(10, 25). We validated the IBST algorithm score against lung compliance and found a positive 
correlation. Together with our observations, and lower IBST values in overdistention sensitive areas, 
we agree that lung sliding quantification could be a tool to detect lung overdistention. 

7.3 Validation experiments 
The automatic quantification of lung sliding cannot be validated using a golden standard. A previously 
performed literature study found no comparable lung movement algorithm that could be used to 
benchmark the algorithm (appendix A1). The lung ultrasound (LUS) score is an accepted method for 
evaluation; however, this score is mainly based on lung aeration and not solely on lung movement. 
(25) Lung sliding is only evaluated as existing or none-existing, so scoring is unable to represent the 
gradation of lung sliding.  

Therefore, the movability of the lung sliding was assessed by ultrasonography experts. High 
interobserver variability was observed in the study between the subjective scores of lung sonography 
experts, which could be due to missing scoring criteria. A clear correlation was found between the 
IBST score and the experts' opinions. Thus, the algorithm is performing as proposed. The data consists 
of one outlier. This might be caused by a fast-changing pleural movement with limited displacement, 
or interpreted wrongly by the sonography experts. Present research showed for the first time a 
comparison between a subjective gradation of lung sliding and a quantitative gradation of lung sliding. 

Besides movability validation, lung compliance was compared against the outcome of the IBST 
algorithm. Lung compliance was chosen because long movement is proportional to lung compliance, 
and the increment of lung volume cause lung expansion and, therefore, lung movement. Regional 
compliance is normally not validated against the lung compliance measured by the ventilator. EIT is 
also able to measure regional compliance and was validated using CT (26), electron beam computed 
tomography (27), and positron emission tomography (28). Due to time and budget constraints, we 
couldn't validate our results with those measurements. We proposed that the average IBST scores 
between the LUS regions should follow the same directions in correlation with the lung compliance 
and give a rough estimation of the performance of the IBST algorithm. The IBST score and lung 
compliance are positively correlated. However, these correlations can only be determined within the 
same patient because anatomical differences, such as BMI, length, and sex, could influence depth and 
size of the lung.  

Furthermore, we tested the correction by averaging all lung regions with a maximum of 25% missing 
data. Even with missing data the data was significantly correlated with lung compliance measured 
globally from the ventilator. The effect of lung compliance on the IBST score appears to be strong 
despite the considerable wide CI and variation between patients. This evidence suggests that IBST 
might be more feasible to measure regional lung compliance. However, this needs further 
investigation. 

Finally, we investigated if the lung sliding quantification algorithm could be used for the prediction of 
lung overdistention. The data presents, a significant lower IBST signal in patient ventilated with a PEEP 
of twelve or above. These patient were more prone to lung overdistention in the frontal regions than 
patients ventilated with lower PEEP pressures. The hypotheses of lung sliding reduction by lung 
overdistention seems therefore reasonable. Some outliers show a high IBST despite ventilated with a 
high PEEP. This might indicate varying PEEP thresholds for lung overdistention among patients. So 
further regional measurements will be needed to further investigate the IBST threshold for lung 
overdistention. 
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7.4 Reproducibility  
Three repetitive measurements used on the same lung segment were compared and variation was 
discovered. Fluctuation in the measurements causes low reproducibility on the IBST score. This was 
indicated by varying pleural line depths between the three measurements. We suggested three 
possible causes: incorrect reposition of the ultrasound probe, unequal pressure applied to the 
ultrasound probe, and alternating angles of the ultrasound probe. However, for monitoring purposes, 
an ultrasound sensor applied with a biocompatible adhesive should countervails the incorrect 
position, varying pressures, and angles of the ultrasound sensor.  

Further problems include speckle bleaching, incorrect segmentations, and ultrasound interference. 
First, bleaching occurs when the gain setting of the ultrasound is set too high, and no changes in 
intensities can be observed. Thus, gain adjustments affect the IBST score, and the author suggests 
keeping the gain at a minimum. The pleural is a high echoic line, so a low gain poses no interference. 
Second, fluctuations in IBST score were caused by partial segmentation of pleural tissue below the rib, 
resulting in underestimated movement quantification. Segmentation errors can be solved by 
optimizing the segmentation strategy by using more advanced segmentation algorithms. However, 
more advanced programs necessitate additional computational power, such as cloud computation, 
when developing low-cost sensors. Ultrasound interference can occur when more ultrasound beams 
are transmitted simultaneously. This could be problematic for lung sliding sensor usage on the same 
patient. Third, interference problems can be overcome by repetitive imaging of the lungs in 
combination with time synchronization between the sensors.  

7.5 Fourier-Based Speckle Tracking 
Two articles also described effective implementation of lung sliding measurement for detecting the 
presence of a pneumothorax using GE Echopac software (10, 29). This software using pleural strain 
calculation is comparable with our in-house developed Fourier-Based Speckle Tracking (FBST) 
algorithm. However, the performance of the latter was significantly worse than indicated in the 
suggested articles. Multiple problems could cause this discrepancy. First, the FBST algorithm currently 
works with the DICOM data format. The focus of DICOM data was mainly due to the inaccessibility of 
the RF data and the easy direct export of DICOM data from the Lumify tablets. The conversion of RF 
data to DICOM data consists of speckle filtering operations; therefore, the tracking block has trouble 
finding the exact speckle composition in the image. Second, the frame rate of 30 fps might be too low 
to find moving speckles. Speckles move in three-dimensional space, and in between two frames, the 
speckles could move out of the two-dimensional plane of the ultrasound image. Third, the GE Echopac 
software uses an unknown number of tracking blocks, whereas our algorithm uses two tracking blocks. 
If the GE Echopac software used more tracking blocks, the algorithm might be less sensitive to errors 
caused by one misplaced block since strain values are averaged over the targeted tissue. This is outside 
our knowledge and averaging multiple tracking block are not yet implemented in the FBST algorithm. 
Our findings with speckle tracking pleural movements are consistent with the finding of Rubin et al. 
who used SP to track lung motion for radiotherapy (30) and concluded that that difficult tracking of 
the pleural line is due to the presence of specular reflections instead of the standard speckle source 
composed of distributed speckles. Thus, RF data and frequency filters were needed to gain sufficient 
tracking results.  

Besides technical limitations, there were anatomical limitations. First, the pleura of the lung is a thin 
structure, causing insufficient size of speckle compositions and therefore difficult to track. In contrast, 
speckle tracking in the heart works well due to thicker muscle walls, creating better quality speckle 
patterns. Secondly, speckle movement occurring parallel to the transducer facilitates more favorable 
results than perpendicular movement occurring during lung sliding (12,13). Unfortunately, performing 
ultrasound in another direction is very difficult. Thus, lung sliding still remain difficult to track.    
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7.6 Limitations 
Most of the correlations identified in this thesis were based on a small database of patient 
information. No power analyses were performed before the data collection started. A second 
limitation was caused by the uncorrelated speckle method. The measurement of movability is not yet 
calibrated against a lung sliding phantom model. We also do not know if the movability score increases 
linearly with the duration and velocity of pleural movement. Besides, a maximum limit in movement 
detection is dependent on the framerate setting of the ultrasound transducer. Third, our patient 
population includes only COVID-19 patients, and no comparison was identified with healthy 
volunteers. Lastly, data acquisition was performed by only one, inexperienced sonographer; 
therefore, data may be skewed.  

7.7 Future research and perspectives 
Additional research is required to further improve the IBST algorithm for lung sliding quantification, 
and a ready-to-use program needs to be developed for easy application. Presently, the IBST score only 
indicates a score on the movability of lung sliding. however, an IBST threshold needs to be validated 
using EIT or CT scans for detecting overdistention. Furthermore follow up studies should investigate 
the effects of incorrect positioning, pressure, and angle of the ultrasound sensor on the variability of 
the IBST score. It may also be beneficial to discover if the algorithm could be used for the diaphragm 
and intercoastal muscle tracking, as diaphragmatic function is a proven predictor of a weaning 
outcome but the use of it is hampered by the fact that automatic detection and continuous 
quantification of this is as of yet not possible (23). Since, ultrasonography may provide an anatomical 
view, whereas for example EIT only provides an electric signal. Additional diagnostic information can 
be extracted using a gray-level co-occurrence matrix analysis, providing better diagnostic accuracy in 
differentiating cardiogenic pulmonary edema (CPE) and ARDS (31). Future studies should focus on the 
delivery of continuous imaging of the lung using ultrasound which may provide relevant clinical 
information.  

If multiple indications such as lung sliding, diaphragmatic function and automatic continuous B-line 
detection to screen for fluid overload may be combines a wearable ultrasound solution could be used 
as a multipurpose measurement device. Taken together we feel that this project paves the way for 
several follow up projects aiming at providing the clinician with real time information on regional 
abnormalities, overdistention, fluid overload and diaphragmatic function.  

 

8. Conclusion 
Two lung sliding algorithm were developed to quantified lung sliding. Intensity-based speckle tracking 
(IBST) was a robust measurement for lung sliding quantification. Whereas, Fourier-based speckle 
tracking was unable for lung sliding quantification. IBST scores correlates well with expert opinion and 
lung compliance, but the reliability needs improvement. Moreover, this study suggests that lung 
overdistention results in a reduction of lung sliding and implementation of this method may improve 
detection of overdistension. Additional research is needed to further validate the algorithm score and 
the potential impact on clinical detection as well as the optimization of mechanical ventilation.  
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*OUFOTJWF DBSF QBUJFOUT HFOFSBMMZ QSFTFOU XJUI SFT�
QJSBUPSZ BOE DJSDVMBUPSZ JOTVֽDJFODJFT� *OUFOTJWJTUT
BOE UIF EJBHOPTUJD UFBN TFFL UP NPOJUPS BOE TVQ�
QPSU UIFTF TZTUFNTXJUINJOJNBM BOE JBUSPHFOJD EBN�
BHF� 1BUJFOUT EJBHOPTFE XJUI BDVUF SFTQJSBUPSZ EJT�
USFTT TZOESPNF 	"3%4
 PS PUIFS EJTFBTFT TVDI BT
$07*%��� TVֺFS GSPN MVOH BCOPSNBMJUJFT� F SFTVMU
PG UIF BCOPSNBMJUJFT JT UIBU BO VOFWFO BJS EJTUSJCVUJPO
XJUIJO UIF MVOHT EFWFMPQT XIJDI DBVTFT B IJHIFS�
QSFTTVSF MPBE JO UIF SFMBUJWFMZ VOBֺFDUFE MVOH QBSUT
<�>� JT QIFOPNFOPO JT BMTP LOPXO BT UIF ѪCBCZ
MVOHѫ XIJDI TUBOET GPS B SFMBUJWFMZ VOBֺFDUFE BSFB PG
UIF MVOH XJUIPVU SFHJPOBM MVOH FEFNB BOE BUFMFDUB�

TJT� .FDIBOJDBM WFOUJMBUJPO JT TVQQPTFE UP PQFO BOE
WFOUJMBUF UIF DMPTFE MVOH QBSUT CVU BU UIF TBNF UJNF
NJOJNBMMZ BֺFDU UIF SFMBUJWFMZ IFBMUIZ ѪCBCZ MVOHѫ�
F EBNBHF UP UIF MVOHT JT JOEVDFE CZ IJHI�QSFTTVSF
WFOUJMBUJPO 	CBSPUSBVNB
 PWFS�FYUFOTJPO PG UIF MVOHT
	WPMVNF USBVNB
 BOE SF�DPMMBQTJOH BMWFPMJ 	DZDMJD BU�
FMFDUBTJT
� VT 7*-* DBO PDDVS JO BOZ MVOH EJTFBTF
CVU NPTU GSFRVFOUMZ JO "3%4� F EBNBHF QSPHSFT�
TJWFMZ JODSFBTFT PWFS UJNF XIFO UIF MVOH JT NFDIBOJ�
DBMMZ WFOUJMBUFE <�>� 3FTFBSDI IBT TIPXO UIBU UIF QSP�
UFDUJWF WFOUJMBUJPO TUSBUFHZ JT BTTPDJBUFE XJUI B IJHIFS
TVSWJWBM SBUF GPS DSJUJDBM QBUJFOUT 	�� EBZT
 <�>� 'PS TVD�
DFTTGVM QSPUFDUJWF WFOUJMBUJPO UIF UJEBM WPMVNFT NVTU
CF TVTUBJOFE CFMPX � N-�LH OPU FYDFFEJOH B QMBUFBV
QSFTTVSF PG �� DN )�� UP QSFWFOU WPMVNF USBVNB� 5P
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NJOJNJ[F TNBMM BJSXBZT GSPN DPMMBQTJOH PQUJNJ[B�
UJPO PG UIF 1PTJUJWF &OE�&YQJSBUPSZ 1SFTTVSF 	1&&1

XJMM DPOUSJCVUF UP TVTUBJOFE SFDSVJU BCJMJUZ MVOH IP�
NPHFOFJUZ JNQSPWFNFOU BOE BO JODSFBTFE UPUBM BFS�
BUFE MVOH WPMVNF <� �>� 'SFRVFOUMZ PQUJNJ[JOH UIF
1&&1 TFUUJOHT DBO SFEVDF CBSPUSBVNB CZ EFDSFBTJOH
UIF QPUFOUJBM GPS UPP IJHI 1&&1 WBMVFT BOE QSFWFOUJOH
DPMMBQTFE BJSXBZT EVF UP UPP MPX 1&&1 WBMVFT�

*O BEEJUJPO UP WFOUJMBUJPO QBUJFOUT BSF GSFRVFOUMZ
ֻMMFE XJUI ּVJE UP TVQQPSU UIFJS IFNPEZOBNJD TZT�
UFN� )PXFWFS UIF ּVJE OFFET UP CF FYUSBDUFE BU B DFS�
UBJO QPJOU EVF UP PWFSMPBE DBVTJOH FEFNB BOE WJUBM
PSHBO GBJMVSFT <�>� $MJOJDBM TUVEJFT TVHHFTU UIBU B OFH�
BUJWF ּVJE CBMBODF DBO SFEVDF UJNF PO NFDIBOJDBM
WFOUJMBUJPO BOE FWFO SFEVDF NPSUBMJUZ <�>� .POJUPS�
JOH UIFQSFTFODF PG ּVJE JOTJEF UIF MVOHT DBOPQUJNJ[F
UIF QBUJFOU ּVJE CBMBODF BOE JT LFZ UP UIF TVSWFJMMBODF
PG QBUJFOUT XJUI TVCTFRVFOU DBSEJBD QSPCMFNT�

4FWFSBM NFEJDBM EFWJDFT IBWF CFFO DSFBUFE XIJDI BSF
BCMF UP NPOJUPS QVMNPOBSZ DPOHFTUJPO BOE BMWFPMBS
TUSFTT CVU UFDIOPMPHJDBM JOOPWBUJPOT BSF TUJMM OFFEFE
UP GVSUIFS BEESFTT UIF WFOUJMBUJPO BOE QVMNPOBSZ
DPOHFTUJPO QSPCMFNT� .PTU PG UIF MVOH NPOJUPSJOH
EFWJDFT BT PG QSFTFOU BSF JOWBTJWF PS JOUSPEVDF SBEJB�
UJPO� IPXFWFS OFX SFTFBSDI TIPXT UIBU OPO�JOWBTJWF
UFDIOJRVFT MJLF VMUSBTPOPHSBQIZ DBO NPOJUPS UIF
MVOH TJNJMBS UP PUIFS DPOWFOUJPOBM NFBTVSFNFOUT�
VT VMUSBTPVOE EFWJDFT BSF TUJMM CFJOH EFWFMPQFE
BOE JNQSPWFNFOUT IBWF FOBCMFE UIF EFWJDF UP QSP�
WJEF DPOUJOVPVT EBUB EVF UP B NJDSPNBDIJOFE VMUSB�
TPOJD USBOTEVDFS�

8F BJN JO UIJT MJUFSBUVSF TUVEZ UP SFWJFX DMJOJDBM TUVE�
JFT UIBU FWBMVBUF MVOH NPOJUPSJOH EFWJDFT VTFE JO JO�
UFOTJWF DBSF UP TVQQPSU NFDIBOJDBM WFOUJMBUJPO� 4FD�
POEMZ XF JOWFTUJHBUF JG VMUSBTPVOE DBO CF BO BMUFSOB�
UJWF UP UIPTF NFBTVSFNFOUT� 'JOBMMZ XF BJN UP JOWFT�
UJHBUF JG DPOUJOVPVT VMUSBTPVOE JT VTFE JO UIF *$6 BOE
XIBU UIF QPUFOUJBM GPS DPOUJOVPVT VMUSBTPVOE DBO CF
JO UIF DSJUJDBM DBSF FOWJSPONFOU�

.FUIPET
4FBSDI
3FMFWBOU TUVEJFT XFSF GPVOE VUJMJ[JOH UIF .FEMJOF
FMFDUSPOJD EBUBCBTF� FTFBSDI UFSNTBSF MJTUFE JO"Q�
QFOEJY "� F FMJHJCJMJUZ PG UIF TUVEJFT XBT FWBMVBUFE
CZ SFBEJOH UIF UJUMF BOE BCTUSBDU� *ODMVTJPO DSJUFSJB BSF
MJTUFE JO UIF TFMFDUJPO PG BSUJDMFT TFDUJPO� "MM UIF BSUJ�
DMFT XFSF UIFO TPSUFE CBTFE PO UIF NFBTVSJOH UFDI�
OJRVF JO B DJUBUJPO NBOBHFS QSPHSBN 	&OEOPUF 9�
�
"SUJDMFT UIBU XFSF JODMVEFE XFSF GVMMZ SFBE BOE FWBMV�

BUFE CZ UIF BVUIPS�
4FMFDUJPO PG BSUJDMFT
"SUJDMFT XFSF JODMVEFE JG UIF GPMMPXJOH JODMVTJPO DSJUF�
SJB XFSF NFU�

ѯ F BSUJDMF EFTDSJCFT B NFEJDBM EFWJDF UIBU JT
VTFE UP NPOJUPS UIF MVOH EVSJOH NFDIBOJDBM
WFOUJMBUJPO�

ѯ F BSUJDMF EFTDSJCFT UIF NFBTVSJOH EFWJDF BT
UIF NBJO TVCKFDU�

ѯ F NFUIPE JT QFSGPSNFE JO BEVMU IVNBOT�
ѯ F BSUJDMF EFTDSJCFT B 	SBOEPNJ[FE
 DMJOJDBM

USBJM�
ѯ 1BUJFOUT NFDIBOJDBMMZ WFOUJMBUFE JO BO JOUFO�

TJWF DBSF TFUUJOH�
ѯ F BSUJDMF XBT QVCMJTIFE BGUFS �� %FDFNCFS

�����

3FTVMUT
4FMFDUJPO PG BSUJDMFT
F ֻOBM TFBSDI UPPL QMBDF PO "VHVTU �� ���� BOE
SFTVMUFE JO ��� BSUJDMFT GPS TFMFDUJPO BOBMZTJT� "GUFS
BMM FYDMVTJPOT �� BSUJDMFT SFNBJOFE GPS GVSUIFS BTTFTT�
NFOU BOE XFSF ֻOBMMZ JODMVEFE� *O UPUBM ֻWF EJG�
GFSFOU NFBTVSJOH NFUIPET XFSF GPVOE BT EFQJDUFE
JO ֻHVSF �� 'PVS BSUJDMFT SFHBSEJOH USBOT�QVMNPOBSZ
QSFTTVSF UXFOUZ�UXP BSUJDMFT SFHBSEJOH FYUSBWBTDVMBS
MVOH XBUFS 	&7-8
 TJYUFFO BSUJDMFT SFHBSEJOH FMFDUSJ�
DBM JNQFEBODF UPNPHSBQIZ 	&*5
 UIJSUZ�UXP BSUJDMFT
SFHBSEJOH VMUSBTPVOE 	64
 BOE [FSP BSUJDMFT SFHBSE�
JOH DPOUJOVPVT VMUSBTPVOE XFSF GPVOE�

"SUJDMFT GPVOE JO UIF .FE�
MJOF EBUBCBTF 	O����


4DSFFOJOH PG UJUMF BOE BCTUSBDU

"SUJDMFT FYDMVEFE 	O����
�
ѯ BOJNBM TUVEZ 	O���

ѯ DBTF SFQPSU 	O���

ѯ OPU DMJOJDBM USJBM 	O���

ѯ OPU B NFBTVSJOH EFWJDF 	O���

ѯ OPU B MVOH NFBTVSFNFOU 	O���

ѯ OPU BEVMU QPQVMBUJPO 	O����

ѯ OP JOUFOTJWF DBSF TFUUJOH 	O���

ѯ OPU JOUVCBUFE QBUJFOU QPQVMBUJPO

	O��

ѯ PUIFS NFBTVSJOH UFDIOJRVF VTFE

	O���

ѯ WBMJEBUJPO TUVEZ 	O���


"SUJDMFT JODMVEFE 	O���


'JHVSF �� 'MPXDIBSU EFTDSJCJOH UIF ֻOBM TFBSDI BOE
FYDMVTJPOT PG BSUJDMFT

5SBOTQMFVSBM 1SFTTVSF .FBTVSFNFOU
" NJOJNVN 1&&1 QSFTTVSF JT OFFEFE UP LFFQ BMM PG
UIF BMWFPMJ PQFO BOE JT NFBTVSFE CZ UIF TVN PG UIF
USBOTQVMNPOBSZ QSFTTVSF BOE UIF USBOTUIPSBDJD QSFT�
TVSF� )PXFWFS UIF WFOUJMBUPS IBT OP XBZ PG EJֺFSFO�
UJBUJOH CFUXFFO UIFTF UXP QSFTTVSFT� 0OF NFUIPE
UIBU TFFLT UP NFBTVSF BOE TVCTFRVFOUMZ PQUJNJ[F
USBOTQVMNPOBSZ QSFTTVSFT JT UIF FTPQIBHFBM QSFTTVSF
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DBUIFUFS� *O USBOTFTPQIBHFBM QSFTTVSF NFBTVSFNFOU
B CBMMPPO DBUIFUFS JT QPTJUJPOFE JO UIF NJEUIPSBDJD
FTPQIBHVT XIJDI JT BCMF UP NFBTVSF QSFTTVSF BOE
NBZ CF VTFE UP FTUJNBUF UIF USBOT QMFVSBM QSFTTVSF
<�>� )PXFWFS B EJTBEWBOUBHF PG UIJT NFUIPE JT UIBU JU
JT BTTVNFE UIBU UIF QMFVSBM TQBDF JT B UPUBMMZ IPNP�
HFOFPVT WPMVNF XIJDI JT OPU UIF DBTF� 5SBOT QMFVSBM
QSFTTVSF BT TVDI DBO CF VTFGVM UP PQUJNJ[F QSPUFD�
UJWF NFDIBOJDBM WFOUJMBUJPO TJODF BO ѪPQUJNBM 1&&1ѫ
NBZCF TFU QSFWFOUJOH VOOFDFTTBSZ TUSFTT PO UIF MVOH
QBSFODIZNB BOE QSFWFOU 7*-* <�>�

3FTFBSDI IBT EFTDSJCFE UIF VTF PG USBOTQVMNPOBSZ
QSFTTVSFT JO "3%4 QBUJFOUT UP PQUJNJ[F UJUSBUJPO PG
1&&1 TFUUJOHT� 'JFEMFS FU BM� PCTFSWFE B TUSPOH DPS�
SFMBUJPO CFUXFFO FOE�FYQJSBUPSZ MVOH WPMVNF BOE
USBOTQVMNPOBSZ QSFTTVSFT UIBU DPVME QPUFOUJBMMZ MFBE
UP B NPSF JOEJWJEVBMJ[FE BQQSPBDI PG UJUSBUJOH UIF
DPSSFDU 1&&1 GPS DSJUJDBM QBUJFOUT JOTUFBE PG UBSHFUFE
TBUVSBUJPO <�>� )PXFWFS #FJUMFS FU BM� JOWFTUJHBUFE JO
B SBOEPNJ[FE DPOUSPMMFE USJBM UIBU USBOTQVMNPOBSZ
QSFTTVSF�HVJEFE 1&&1 DPNQBSFE XJUI ֻ�� HVJEFE
1&&1 SFTVMUFE JO OP TJHOJֻDBOU EJֺFSFODF JO CPUI
WFOUJMBUJPO EBZT BOE NPSUBMJUZ <�� ��>� 0O UIF PUIFS
IBOE BOPUIFS TUVEZ EFTDSJCFT EBUB DPMMFDUFE GSPN B
USJBM VUJMJ[JOH USBOTQVMNPOBSZ QSFTTVSFT HVJEBODF JO
7FOPWFOPVT &YUSBDPSQPSFBM .FNCSBOF 0YZHFOBUJPO
	77�&$.0
 ZJFMEJOH BO JODSFBTF JO "3%4 QBUJFOUT
TVDDFTTGVMMZ XFBOFE DPNQBSFE UP UIBU PG UIF DPOUSPM
HSPVQ 	JOUFSWFOUJPOZJFMEJOHB���DN)�0SBOHF
 <��>�
5BLFO UPHFUIFS BMUIPVHI UIF VTF PG USBOTQVMNPOBSZ
QSFTTVSFT JO NFDIBOJDBM WFOUJMBUJPO PQUJNJ[BUJPO IBT
HSFBU QPUFOUJBM UIF TUBUF PG UIF BSU PG FWJEFODF XJUI
SFHBSE UP DMJOJDBM FOEQPJOUT JT TUJMM BNCJWBMFOU�

&YUSBWBTDVMBS -VOH 8BUFS .FBTVSFNFOU
6OUJM SFDFOUMZ RVBOUJֻDBUJPO PG &7-8 XBT OPU QPTTJ�
CMF BT NFBTVSFNFOUT XFSF QSFWJPVTMZ CBTFE PO DIFTU
SBEJPHSBQIZBOEBSUFSJBM CMPPEHBT BOBMZTFT <��>� 4VC�
TFRVFOUMZ B TJOHMF USBOTQVMNPOBSZ UIFSNBM EJMVUJPO
JOEJDBUPSXBTEFWFMPQFE UPEFUFDU TNBMM JODSFNFOUTPG
&7-8 NFBTVSFNFOUT SBOHJOH CFUXFFO ������ <��>�
F UIFSNBM EJMVUJPO DVSWF JT VTFE UP DBMDVMBUF UIF
JOUSBUIPSBDJD UIFSNBM WPMVNF BT XFMM BT UIF UPUBM QVM�
NPOBSZ WPMVNF DPOUSJCVUJOH UP UIF FֺFDUJWF DBMDV�
MBUJPO PG UIF &7-8 NFBTVSFNFOU <��>� "MUIPVHI UIJT
UFDIOJRVF JOEJDBUFT TNBMM NFBTVSFNFOUT JU JT JOWB�
TJWF BOE FYQFOTJWF <��>�

1SFWJPVT TUVEJFT EFTDSJCF B QPTJUJWF DPSSFMBUJPO CF�
UXFFO &7-8 PS UIF QVMNPOBSZ WBTDVMBS QFSNFBCJMJUZ
JOEFY 	171*
 BOE UIF TFWFSJUZ PG "3%4� F TUVEJFT JO�
DMVEFE UIF USBOTQVMNPOBSZ UIFSNBM EJMVUJPO UP NFB�

TVSF &7-8� <��ѥ��>� 8JUI SFTQFDU UP $07*%��� QB�
UJFOUT IJHIFS &7-8 NFBTVSFNFOUT XFSF PCTFSWFE BT
DPSSFMBUFE UP OPO�$07*%��� QBUJFOUT <��ѥ��>� "MTP B
QPTJUJWF DPSSFMBUJPO XBT GPVOE CFUXFFO &7-8 NFB�
TVSFNFOUT BOE NPSUBMJUZ <��ѥ�� ��ѥ��>� "MUFSOB�
UJWF NFUIPET UIBU XFSF TUVEJFE VTF &7-8 UP NPOJUPS�
'MVJE NBOBHFNFOU <��> IFNPEJBMZTJT <�� ��> QFFQ
UJUSBUJPO <��> QMFVSBM FֺVTJPO <��> SFDSVJUNFOU NB�
OPFVWSF <�� ��> TFQTJT TVSWJWBM <�� ��> BOE XFBOJOH
<��>�
&MFDUSJDBM *NQFOEBODF 5PNPHSBQIZ
5P QSFWFOU 7*-* XF OFFE UP TFU UIF NFDIBOJDBM
WFOUJMBUPS JO UIF NPTU PQUJNBM XBZ� *ODPSSFDU TFU�
UJOHT DBVTF IJHI USBOTQVMNPOBSZ QSFTTVSFT BMWFPMBS
PWFSEJTUFOUJPO DZDMJD SFDSVJUNFOU�EF�SFDSVJUNFOU
BOE CJPUSBVNB <��>� *O BDVUF MVOH JOKVSZ JU JT EFTJSFE
UP PQUJNJ[F WFOUJMBUJPO CBTFE PO UIF RVBOUJUZ BOE
MPDBUJPO PG MVOH BUFMFDUBTJT BOE QVMNPOBSZ FEFNB�
)PXFWFS CFDBVTF NFBTVSJOH SFHJPOBM WFOUJMBUJPO
EJTUSJCVUJPO JT DMJOJDBMMZ DIBMMFOHJOH UP BTTFTT B DPN�
QVUFE UPNPHSBQIZ 	$5
 TDBO DBO CF VTFE UP BTTFTT
UIF BFSBUJPO PG UIF MVOH� "MUIPVHI UIJT JT BO FֺFDUJWF
NFUIPE UP VTF JU JT OPU TVJUBCMF GPS JOWFTUJHBUJPO BU
UIF CFETJEF OPS GPS FYUSBDUJOH EZOBNJD JOGPSNBUJPO�
"OPUIFS UFDIOJRVF &*5 VUJMJ[FT NVMUJQMF FMFDUSPEFT
BSPVOE UIF UIPSBY UP NFBTVSF UIF MVOH UJTTVF EJFMFD�
USJD QSPQFSUJFT XJUI NPWFNFOU� 0WFSEJTUFOUJPO DBO
UIFO CF EFUFSNJOFE CZ UIF FOE�FYQJSBUJPO BJS WPMVNF
NJOVT UIF UJEBM WBSJBUJPO <��>� %VF UP UIF OPWFMUZ
PG UIJT UFDIOJRVF GVSUIFS TUVEJFT BSF OFFEFE BOE UIF
DPTU�FֺFDUJWFOFTT PG JUT JOUFHSBUJPO JO DMJOJDBM TFUUJOHT
XPVME OFFE UP ESBTUJDBMMZ JODSFBTF�

&*5 NFBTVSFNFOUT NBZ CF VTFE UP TFU PQUJNBM 1&&1
BOE EPJOH TP IBT CFFO FWJEFODFE UP BֺFDU BOE BJE JO
FTQFDJBMMZ MVOH SFDSVJUNFOU BOE PWFSEJTUFOTJPO <��ѥ
��>� 4JY TUVEJFT PG XIJDI VTFE &*5 UP FYBNJOF UIF
PQUJNBM 1&&1 TFUUJOH <�� �� �� �� �� ��>� 'PVS
TUVEJFT JOWFTUJHBUFE UIF FֺFDU PG MVOH SFDSVJUNFOU
BOE TIPXFE UIBU &*5 JT BCMF UP JEFOUJGZ DPSSFDU MVOH
SFDSVJUNFOU <��ѥ�� ��>� 5XPTUVEJFTVTFE&*5 UPNFB�
TVSF UIF QFSDFOUBHFT PG MVOH PWFSEJTUFOUJPO <�� ��>�

SFF BEEJUJPOBM TUVEJFT FWBMVBUFE UIF FֺFDUT PG QPT�
UVSF UIFSBQZ PO SFHJPOBM WFOUJMBUJPO EJTUSJCVUJPO VT�
JOH &*5 BOE TIPXFE UIBU B QSPOF WFSTVT TVQJOF QPTUV�
SBM QPTJUJPO IBE B QPTJUJWF FֺFDU PO UJEBM WPMVNF EJT�
USJCVUJPO <��>� *O UFSNT PG SFHJPOBM UJEBM WPMVNF EJT�
USJCVUJPO B MBUFSBM WFSTVT TVQJOFQPTUVSBM QPTJUJPOEJE
OPU JOEVDF B TJHOJֻDBOU DIBOHF <��>� $POWFSTFMZ UBS�
HFUFE MBUFSBM QPTJUJPOJOH JO NFDIBOJDBMMZ WFOUJMBUFE
$07*%��� QBUJFOUT JOEJDBUFE B EFDSFBTFE MVOH DPM�
MBQTF BT XFMM BT MVOH PWFSEJTUFOTJPO <��>� 0OF TVDI
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TUVEZ JOWFTUJHBUFE UIF VTF PG &*5 UP FTUJNBUF HMPCBM
MVOH TUSBJO BOE DPNQBSFE JU UP UIF HPMEFO TUBOEBSE
$5 BOE XBT QPTJUJWFMZ BOE JOEFQFOEFOUMZ BTTPDJBUFE
XJUI &*5 NFBTVSFT <��>�
6MUSBTPOPHSBQIZ
#FTJEFT JOWBTJWF UFDIOJRVFT OPO�JOWBTJWF FDIP�
HSBQIJD FYBNJOBUJPO PG UIF MVOH VTJOH #�MJOF TDPSJOH
DBO BMTP CF VTFE UP FWBMVBUF &7-8 WBMVFT BOE BMWF�
PMBS TUSFTT� F OVNCFST PG DPNFU�UBJM USBDFST BOE
MVOH QMFVSBM NPSQIPMPHZ JO UXFMWF [POFT BSPVOE UIF
UIPSBY DBO CF VTFE UP DBMDVMBUF UIF MVOH VMUSBTPVOE
TDPSF 	-64
 <��ѥ��>� 8JUI SFTQFDU UP #�MJOF TDPSJOH
UIJT NFUIPE JT DPSSFMBUFE XJUI FֺFDUJWF UIFSNPEJMV�
UJPO NFUIPE DPNQBUJCJMJUZ BOE IBT IJHIFS BDDVSBDZ
JO &7-8 EFUFDUJPO BOE BMTP JO DPNQBSJTPO XJUI DIFTU
SBEJPHSBQIZ <�� �� �� �� ��>� 5P GVSUIFS JOWFTUJHBUF
UIF FֺFDUT PG EBJMZ #�MJOF TDPSJOH PO ּVJE NBOBHF�
NFOU 3BTV FU BM� GPVOE OP TJHOJֻDBOU EJֺFSFODF JO
DVNVMBUJWF ּVJE CBMBODF BOE NPSUBMJUZ <��>� 4FWFSBM
TUVEJFT FWBMVBUJOH UIF VTF PG VMUSBTPVOE UP NPOJUPS
GPS ּVJE PWFSMPBE BSF IPXFWFS TUJMM POHPJOH� *U JT DPO�
DFJWBCMF UIBU NPSF GSFRVFOU PS DPOUJOVPVT NPOJUPS�
JOH NBZ SFEVDF ּVJE PWFSMPBE BOE JNQSPWF DMJOJDBM
PVUDPNFT� )PXFWFS JO DFSUBJO TFUUJOHT MVOH VMUSB�
TPVOE NBZ CF CFUUFS UIBO &*5 TJODF &7-8 USBDFBCJM�
JUZ NBZ CF OFHBUJWFMZ JNQBDUFE CZ JOּBNNBUPSZ JO�
UFSBDUJPOT XIJDI JNQBDU PWFSBMM NFBTVSFNFOUT BOE
SFMJBCJMJUZ <�� ��>�

5XP TUVEJFT JOWFTUJHBUFE UIF PQUJNJ[BUJPO PG 1&&1
TFUUJOHT XIFO UIF -64 XBT VTFE� FTF TUVEJFT JO�
EJDBUFE UIBU 1&&1 MVOH SFDSVJUNFOU DPVME CF HVJEFE
BOE NPOJUPSFE VTJOH VMUSBTPOPHSBQIZ� $POUSPWFS�
TJBMMZ UIFZ EJTDPWFSFE UIBU MVOH IZQFSJOּBUJPO DPVME
OPU CF BTTFTTFE TPMFMZ CZ NFBOT PG -64 <�� ��>�

*U JT QPTTJCMF UP VTF UIF EBUB EFSJWFE CZ -64 UP NBLF
B EJBHOPTUJD BOBMZTJT VTJOH BO BMHPSJUIN UIBU BOB�
MZ[FT UIF HSBZ�MFWFM DP�PDDVSSFODF NBUSJY PG UIF MVOH
ZJFMEJOH SFMJBCMF EBUB GPS EJֺFSFOUJBUJOH CFUXFFO DBS�
EJPHFOJD QVMNPOBSZ FEFNB 	$1&
 BOE "3%4 <��>�

"OPUIFS QPTTJCMF VMUSBTPVOE BQQMJDBUJPO UP NFBTVSF
BMWFPMBS TUSFTT JT UP RVBOUJGZ UIF BNPVOU PG MVOH TMJE�
JOH XIJDI JT B EZOBNJD IZQFSFDIPJD MJOF UIBU JOEJ�
DBUFT UIF FֺFDUT PG UIFNPWFNFOU PG UIF WJTDFSBM QMFV�
SBF BHBJOTU UIF QBSJFUBM QMFVSBF EVSJOH SFTQJSBUJPO
<��ѥ��>� 2VBOUJֻDBUJPO PG UIF QMFVSBM NPWFNFOU XBT
BOBMZ[FE VTJOH TQFDLMF USBDLJOH UFDIOPMPHZ EFWFM�
PQFE JOJUJBMMZ UP RVBOUJGZ DBSEJBD TUSBJO <��>� 4QFDLMF
USBDLJOH VTFT DPOWPMVUJPO XJUI B QBSUJDVMBS QBUUFSO
GPMMPXFE JO UIF UJNFEPNBJO BOE DBONFBTVSF UIF EJT�
QMBDFNFOU 	NN
 UIF EJSFDUJPO BOE UIF WFMPDJUZ� 3F�

TVMUT GSPN MVOH TMJEJOHRVBOUJֻDBUJPO TQFDLMF USBDLJOH
FWJEFODFE QPTJUJWF SFTVMUT GPS GVSUIFS DMBTTJֻDBUJPO
PGQOFVNPUIPSBY WFSTVTOPO�QOFVNPUIPSBYQBUJFOUT
<��>� "EEJUJPOBM SFTFBSDI XBT SFHBSEJOH -64 BOE MVOH
BFSBUJPO DPSSFMBUJPO JO $07*%��� BOE EJTDPWFSFE BE�
EJUJPOBM NPOJUPSJOH UFDIOJRVFT CFOFֻUFE UIF EJBH�
OPTUJD QSPDFTT <��ѥ��>� ֻOBMMZ -64 NPOJUPSJOH VTFT
XFSF QBSUJDVMBSMZ IFMQGVM JO UIFTF BSFBT� "DVUF DIFTU
NPOJUPSJOH <��> EJBQISBHNBUSPQIZNPOJUPSJOH <��>
&$.0 NPOJUPSJOH <��> MVOH MFTJPO NPOJUPSJOH<��>
QPJTPOJOH NPOJUPSJOH <��> BOE OFVSP DBSF� <�� ��>�
8F CFMJFWF UIBU QMFVSBM MVOH TMJEJOH NBZ CF VTFE UP
NFBTVSF BMWFPMBS TUSFTT XIJDI NBZ IFMQ VT JO VO�
EFSTUBOEJOH UIF TUSFTT JO EJֺFSFOU BSFBT PG UIF MVOH
BOEPQUJNJ[FNFDIBOJDBM WFOUJMBUJPO� JT JT UIFNBJO
TVCKFDU PG NZ UIFTJT� 8F IBWF GPVOE OP SFMFWBOU MJUFS�
BUVSF PO UIJT UPQJD TP GBS�
$POUJOVPVT 6MUSBTPOPHSBQIZ
4JODF QSFWJPVT TUVEJFT IBWF TIPXO UIBU VMUSBTPVOE
NBZCFIFMQGVM JO SFTUSJDUJOH ּVJE PWFSMPBE UP UIF MVOH
BT XFMM BT BJE JO PQUJNBM NFDIBOJDBM WFOUJMBUJPO TFU�
UJOHT XF IBWF TFBSDIFE GPS TUVEJFT UIBU IBWF JOWFTUJ�
HBUFE DPOUJOVPVT VMUSBTPVOE UP UIFTF FֺFDUT� )PX�
FWFS UP UIF CFTU PG PVS LOPXMFEHF OP TVDI TUVE�
JFT BT PG ZFU FYJTU� *U JT IPXFWFS BO JOUFSFTUJOH BSFB
UP EFWFMPQ� $POWFOUJPOBM VMUSBTPVOE QSPCFT DPO�
TJTU PG NVMUJQMF SPXT PG BQQSPYJNBUFMZ ��� QJF[PFMFD�
USJD DSZTUBMT TFQBSBUFMZ XJSFE UP UIF DPOOFDUPST WJB B
IFBWJMZ QSPUFDUFE QSPCF� "MUIPVHI VMUSBTPVOE TFNJ�
DPOEVDUPST EP OPU VUJMJ[F DSZTUBMT TVDI BT UIFTF DB�
QBDJUJWF [POF JOUFHSBUFE PO B TJMJDPO DIJQ USBOTEVDF
TJHOBMT GPS SFDFJWJOH BOE USBOTNJUUJOH TPVOE XBWFT�
F TFOTPST XJSFT BOE FMFDUSJDBM DJSDVJUT NBOVGBD�
UVSFE UISPVHI UIJO ֻMN QIPUPMJUIPHSBQIZ DBO CF
QMBDFE PO UIF TBNF DIJQ NBLJOH JU WFSZ UIJO BOE
DPTU�FֺFDUJWF GPS NBTT QSPEVDUJPO� "OPUIFS BEWBO�
UBHF PG UIJT NFUIPE JT UIF QSFQSPDFTTJOH BCJMJUZ PG UIF
JOUFHSBUFE DPNQVUBUJPOBM DJSDVJU JO XIJDI SBX EBUB
NBZ JO UIF GVUVSF CF DPOWFSUFE JOUP EJHJUBM JNBHJOH�
JT TUSVDUVSBM EJֺFSFODF DPOUSJCVUFT UP NPSF Fֽ�
DJFOU DPNNVOJDBUJPO BOE VTBHF EVF UP GFXFS XJSFT
BOE MFTT EBUB JOUFSGFSFODF� %VF UP UIF TNBMM GPSN GBD�
UPS PG UIF DIJQ BOE TQFDJBM VMUSBTPVOE HFM UIF VMUSB�
TPVOE TFOTPST DBO CF BUUBDIFE UP UIF IVNBO CPEZ
GPS NPSF UIBO �� IPVST NBLJOH JU HSFBU GPS DPOUJOV�
PVT NPOJUPSJOH� .PSFPWFS UIF TFOTPST BSF TNBMM BOE
JOFYQFOTJWF TP JO DMJOJDBM QSBDUJDF XF DPVME BUUBDI
NPSF UIBO POF TFOTPS UP NPOJUPS EJֺFSFOU MPDBUJPOT
JO SFBM�UJNF� "T TVDI CFDBVTF UIFSF BSF OP QSFTFOU
DMJOJDBM TUVEJFT UIBU IBWF BEESFTTFE DPOUJOVPVT VMUSB�
TPOPHSBQIZ JOUFHSBUJPO UIJT QSPWJEFT BO BWFOVF GPS
GVUVSF SFTFBSDI�

5.� (SBEVBUJPO *OUFSOTIJQ -FJEFO 6OJWFSTJUZ .FEJDBM $FOUFS *$6 �



%JTDVTTJPO
$VSSFOUMZ UIF QSFWFOUJPO PG 7*-* JT BO JNQPSUBOU
UPQJD JO DSJUJDBM DBSF BT FֺFDUJWF UFDIOJRVFT BSF BM�
XBZT CFJOH BOBMZ[FE GPS JNQMFNFOUBUJPO� 'PS FYBN�
QMF FTPQIBHFBM QSFTTVSF NFBTVSFNFOUT SFQSFTFOU
DIBOHFT JO QMFVSBM QSFTTVSF BOE WBMVFT TVDI BT UIFTF
DPOUSJCVUF UP WJBCMF JNQMFNFOUBUJPO PG UFDIOJRVFT
UIBU QSFWFOU 7*-* QPUFOUJBMJUZ� )PXFWFS UIJT UFDI�
OJRVF DBOOPU HJWF B HPPE BQQSPYJNBUJPO PG SFHJPOBM
PWFSEJTUFOTJPO EVF UP UIF VOFWFO EJTUSJCVUJPO PG BJS
EFMJWFSZ JO "3%4 QBUJFOUT� %VF UP UIF VOFWFO EJTUSJ�
CVUJPO UIBU JT VOJRVF UP FWFSZ TJOHMF QBUJFOU B NPSF
QFSTPOBMJ[FE BQQSPBDI UP WFOUJMBUJPO DPVME CF B TP�
MVUJPO UP QSFWFOU 7*-*� " TUVEZ CZ $POTUBOUJO FU BM�
JOWFTUJHBUFT UIF FֺFDU PG QFSTPOBMJ[FE WFOUJMBUJPO PO
UIF TVSWJWBM PG "3%4 QBUJFOUT DPNQBSFE XJUI TUBO�
EBSE DBSF QBUJFOUT <��>� *O UIJT QBSUJDVMBS TUVEZ QB�
UJFOUT XFSF EJWJEFE JOUP B GPDBM BOE B OPO�GPDBM "3%4
HSPVQ FBDI XJUI B EJֺFSFOU USFBUNFOU TUSBUFHZ VT�
JOH MPX BOE IJHI 1&&1 SFTQFDUJWFMZ� F NPSQIPMPHZ
PG UIF MVOHT XBT EFUFSNJOFE VTJOH B $5 TDBO� F
BVUIPST GPVOE B TVSWJWBM JNQSPWFNFOU VTJOH QFSTPO�
BMJ[FE WFOUJMBUJPO� /FWFSUIFMFTT UIF TUVEZ GPVOE UIBU
XSPOH EFUFSNJOBUJPO PG MVOH NPSQIPMPHZ 	GPDBM WFS�
TVT OPO�GPDBM
 DPVME IBSN UIF QBUJFOU TJHOJֻDBOUMZ
BOE JNQMFNFOUBUJPO TIPVME CF DBSFGVMMZ DPOTJEFSFE
<��>� "T TVDI DPSSFDU DMBTTJֻDBUJPO PG MVOH NPSQIPM�
PHZ JT BO FTTFOUJBM TUFQ XIFO VTJOH QFSTPOBMJ[FE WFO�
UJMBUJPO DBSF�

8JUI SFTQFDU UP MVOH NPSQIPMPHZ JO "3%4 QBUJFOUT
NPOJUPSJOH JT TFFO UP QSPHSFTTJWFMZ DIBOHF PWFS UJNF
EVF JO QBSU UP QFSTPOBMJ[FE WFOUJMBUJPO TFUUJOHT� 6QPO
BOBMZTJT PG UFDIOJRVFT JU XBT PCTFSWFE UIBU �
� " $5
TDBO JT VOTVJUBCMF CFDBVTF PG UIF VOBWBJMBCJMJUZ BU UIF
CFETJEF SBEJBUJPO FYQPTVSF BOE DPTUT �
� "O &*5 DBO
CF VTFE CVU IBT TPNF MJNJUBUJPOT EVF UP JUT EFWFM�
PQNFOU TUBUVT IJHI DPTU BOE BWBJMBCJMJUZ �
� 6MUSB�
TPOPHSBQIZ JT NPSF BDDFTTJCMF BOE DBO NPOJUPS MVOH
BFSBUJPO DIBOHFT BT XFMM� 4VCTFRVFOUMZ OFX EFWFM�
PQNFOUT BSF CFJOH BOBMZ[FE GPS DPOUJOVPVT NPOJUPS�
JOH UISPVHI DPOUJOVPVT VMUSBTPVOE CVU UIJT BSFB JT
TUJMM VOEFSEFWFMPQFE�

#FTJEFT 7*-* ּVJE PWFSMPBE JT BOPUIFS JNQPSUBOU
UIFNF JO JOUFOTJWF DBSF NFEJDJOF� *OWBTJWF UFDI�
OJRVFT TVDI BT B USBOTQVMNPOBSZ UIFSNBM JOEJDBUPS
DBO CF VTFE UP RVBOUJGZ ּVJE PWFSֻMMJOH JO UIF MVOH�
JT UFDIOJRVF JT SFMBUJWFMZ FYQFOTJWF BOE IBT QPTTJ�
CMF TJEF FֺFDUT� 6MUSBTPOPHSBQIZ DPVME CF VTFE UP
NPOJUPS CPUI BMWFPMBS TUSFTT BT XFMM BT MVOH ּVJE MFW�
FMT TJNVMUBOFPVTMZ� FTF WBMVFT BSF BCMF UP CF QFS�
GPSNFE CBTFE PO RVBOUJֻDBUJPO PG MVOH TMJEJOH BOE

# MJOF EFUFDUJPO TQFDJֻDBMMZ FYUSBDUFE GSPN UIF TBNF
�% QPTU�QSPDFTTJOH JNBHF QSPDFTT� VT B DPNCJOB�
UJPO PG MVOH TMJEJOH BOE MVOH ּVJE JOGPSNBUJPO NJHIU
BMTP IFMQ EFWFMPQ BO BMHPSJUIN UP EFUFSNJOF DPSSFDU
WFOUJMBUPS TFUUJOHT� "O PWFSWJFX PG UIF QSPT BOE DPOT
PG UIF EJֺFSFOUNFBTVSFNFOUT BSF EFQJDUFE JO ֻHVSF �

0VS VMUJNBUF HPBM JT UP JOUFHSBUF MVOH NPOJUPSJOH TP�
MVUJPOT JO DPNCJOBUJPOXJUI UIF WFOUJMBUPS� F JEFB JT
UP JOUFHSBUF NVMUJQMF USBOTEVDFST UP TQFDJGZ JOGPSNB�
UJPO MPDBMMZ EVSJOH MVOH WFOUJMBUJPO� .POJUPSJOH EF�
WJDFT TVDI BT DPOUJOVPVT VMUSBTPVOE DBO QSPWJEF JO�
GPSNBUJPOPOּVJEPWFSMPBE JO UIF MVOHBOENBZ JO UIF
GVUVSF HVJEF VT JO VOEFSTUBOEJOH MVOH PWFSEJTUFOUJPO�
" NPEFM XJUI UIFTF NFBTVSFNFOUT DPVME QSPWJEF B
DMPTFE�MPPQ WFOUJMBUPS BMHPSJUIN UIBU SFHVMBSMZ FWBM�
VBUFT UIF WFOUJMBUPS TFUUJOHT BOE BVUPNBUJDBMMZ PQUJ�
NJ[FT UIF WFOUJMBUJPO TUSBUFHZ�

$PODMVTJPO
*O TVNNBSZ UIJT MJUFSBUVSF SFWJFX QSPWJEFT BO
PWFSWJFX PG NVMUJQMF MVOH NFBTVSFNFOUT BOE UFDI�
OJRVFT UIBU DPVME JNQSPWF WFOUJMBUJPO TUSBUFHZ JO
DSJUJDBMMZ JMM QBUJFOUT� &WFSZ UFDIOJRVF ZJFMET CFOF�
ֻUT BT XFMM BT EJTBEWBOUBHFT CVU BMUFSOBUJWF NFUIPET
TIPVME CF DPOTJEFSFE GPS DPTU TBGFUZ BOE BWBJMBCJM�
JUZ DPOTJEFSBUJPOT� "T TVDI VMUSBTPOPHSBQIZ NBZ CF
BO BUUSBDUJWF BMUFSOBUJWF EVF UP JUT BDDFTTJCJMJUZ BOE
TBGFUZ CVU SFQMBDFNFOU UFDIOJRVFT TUJMM OFFE UP CF
DPOֻSNFECZOPO�JOGFSJPSJUZ TUVEJFT� 'VUVSF SFTFBSDI
NBZ CF EFEJDBUFE UP DPOֻSNJOH VMUSBTPVOE�HVJEFE
NPOJUPSJOH PG MVOH BFSBUJPO BOE PWFSEJTUFOTJPO BOE
DPVME CF VTFE GPS HVJEJOH WFOUJMBUJPO JO IFBMUIDBSF
TFUUJOHT�
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'JHVSF �� 0WFSWJFX PG NFBTVSFNFOUT

0WFSWJFX PG NFBTVSFNFOUT
�� 5SBOTQVMNPOBSZ QSFTTVSF

� &UJNBUJPO PG USBOTQMFVSBM QSFTTVSF
Ɓ &ֺFDUJWFOFTT PG OFX UIFSBQFVUJD TUSBUFHZ VODFSUBJO
Ɓ *OWBTJWF NFEJDBM EFWJDF

�� &YUSBWBTDVMBS MVOH XBUFS
� "DDVSBUF RVBOUJֻDBUJPO PG FYUSBWBTDVMBS MVOH XBUFS
Ɓ *OWBTJWF NFEJDBM EFWJDF
Ɓ &YQFOTJWF

�� &*5
� 2VBOUJֻDBUJPO PG SFHJPOBM BJS EJTUSJCVUJPO
� .FBTVSF MVOH TUSBJO BOE MVOH PWFSEJTUFOUJPO
� $BO PQUJNJ[F 1&&1 TFUUJOHT
Ɓ &YQFOTJWF BOE MPX BWBJMBCJMJUZ

�� 6MUSBTPVOE
� /PO�JOWBTJWF
� 2VBOUJֻDBUJPO PG MVOH XBUFS
� 2VBOUJֻDBUJPO PG BMWFPMBS TUSFTT
� $PVME EJTDSJNJOBUF $1& BOE "3%4�
� )JHI BWBJMBCJMJUZ

�� $POUJOVPVT 6MUSBTPVOE
� 6TFGVM GPS MPOH UJNF NPOJUPSJOH
� .FBTVSF USFOET
Ɓ -FTT JNBHF RVBMJUZ
Ɓ -FTT TDJFOUJֻD SFTFBSDI
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A2. Typical mistakes 

 

Figure A2-1: Signal underestimation due to a real time segmentation error.  

 

 

Figure A2-2: Initial pleural segmentation mistake: Segmentation of A-line.  

 

 

 

Figure A2-3: Initial pleural segmentation mistake: Segmentation of muscle. 
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A3. Ultrasound protocol UTOPIA study in COVID patients 
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Background and introduction 

 

Mechanical ventilation is, albeit lifesaving, damaging to the lung and may result in ventilator induced 

lung injury (VILI). Patients who are mechanically ventilated and have underlying lung abnormalities, 

such as consolidations, atelectasis or ARDS may benefit from lung recruitment maneuvers and higher 

PEEP levels to open up the lung and keep it open. A lung recruitment maneuver will result in more 

open lung but may also result in overextension of healthy parts of lung which may damage these parts.  

The prevention of VILI is currently an important topic in critical care. Esophageal pressure 

measurements has been studied as a tool to prevent VILI that represents the changes in pleural 

pressure. However, this technique cannot give a good approximation of regional overdistension due 

to the uneven distribution of air delivery in patients with acute lung injury. Regional overdistention is 

associated with higher mortality due to lung damage and possible activation of cytokine storm 

resulting in multi organ failure. 

The holy grail of mechanical ventilation is therefore to find the ventilator setting which maximally 

opens the lung parts which are closed without overextending the lung parts which are open. Currently 

this may only be reliably done with serial CT scanning or impedance measurements. However, we 

believe that using ultrasound we may also be able to measure lung features regionally. Lung features 

are distinctive patterns in an image that could say something about the condition of the lung. One 

example is the B line quantification algorithms that quantify lung fluid by counting comet trails 

artefacts from the pleura.  Using ultrasound, we may be able to ascertain whether lung parts that 

were closed become opened up by scoring the level of atelectasis, consolidations and open lung all 

over the lungs and we may be able to measure overextension of the already open lung parts by 

quantifying lung sliding using speckle tracking techniques. Lung sliding is dynamic hyperechoic line in 

the image that occurred due to the visceral pleura moves against the parietal pleura with respiration. 

The study aims therefore to investigate the effects of PEEP on lung sliding with the goal to use 

ultrasound to optimize mechanical ventilation. Secondary aim is to extract additional features to 

monitor diagraph movement and strain for example. The research will take place at the Leiden 

University Medical Center (LUMC) at the Intensive Care department. The pilot study is a collaboration 

between the hospital LUMC and manufacturer Philips. Ultrasound (US) imaging is used to investigate 

lung physiology and mechanics and specifically lung sliding. US is a non-radiating imaging modality 

that uses ultrasonic sound waves to measure tissue density and is clinically proven safe for humans. 
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Method 

 

COVID group:   

Patient is confirmed correct sedated and laid in supine position. A Hamilton data recording device is 
attached to the ventilator and activated.  

1. Place Hamilton dongle in the serial port of the Hamilton C6 ventilator. Use only the dongle 
with the green cable!. 

2. Click on start 
3. Switch to wave mode 
4. Click on start  
5. Lights goes off. After +- 15 sec a small flickering of light indicate correct functionality. 

 
6. For the image acquisition, we use a lumify S4-1 transducer in combination with a Samsung 

galaxy tab that is registered as a medical device. Use only the smaller tablet (These tablets 
can only export images from the USB C port). First step is to request a lung ultrasound from 
the commando centrum. Then select the Lung preset and Select the patient info in the 
tablet by clicking new patient and ‘zoekresultaten’. Furthermore, Fill the research number 
(as shown in a table below in section Administration) in as addition to the patient 
information box ‘description’. Choose B-line feature. Then, the acquisition will take place in 
the following order: 

• R1 = Upper anterior right lung 

• R2 = Lower anterior right lung 

• R3 = Upper lateral right lung 

• R4 = Lower lateral right lung 

• R5 = Upper posterior right lung 

• R6 = Lower posterior right lung 

• RD = Diagraph image right lung 

• L1 = Upper anterior left lung 

• L2 = Lower anterior left lung 

• L3 = Upper lateral left lung 

• L4 = Lower lateral left lung 

• L5 = Upper posterior left lung 

• L6 = Lower posterior left lung 

• LD = Diagraph image left lung 

Please check every image with the location code! A graphical representation of the location codes 
are visible in figure 1. 

The duration of each acquisition is 7 seconds (check the settings).  



36 
 

 

7. Export data to DICOM store. 
8. Click stop on the Hamilton dongle and remove the dongle. 
9. Clean patient and equipment.  
10. Fill in all requested information in the table below in section administration. 

 

The data from the lumify is extracted with a USB flash drive to a secured server at the end of the 
day. Than the USB drive is formatted correctly after use. Same applied for the ventilator data. 

 

 

 

Figure 1: Each lung is separated into six quadrants: anterior, lateral and posterior zones that are further 
divided in an upper and lower zone. Image from Deng, Q., Cao, S., Wang, H. et al. Application of quantitative 
lung ultrasound instead of CT for monitoring COVID-19 pneumonia in pregnant women: a single-center 
retrospective study. BMC Pregnancy Childbirth 21, 259 (2021). https://doi.org/10.1186/s12884-021-03728-2 
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Administration 

 

Research 
number 

Date Time 
(hh:mm) 

Room 
number 

Ventilator 
mode 

Recruitment1 Diaphragm image 
(right,left,both,none) 

R0005 18-11 13:30 8 SPONT 0 Right 
R0006       
R0007       
R0008       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       

 

1Recruitment: 0 = without recruitment, 1= before recruitment, 2= during recruitment, 3 = 15 minutes 
after recruitment.  
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A4. CMUT ultrasound transducer patches for monitoring purpose 
 
Recently, Philips developed the capitative micromachined ultrasonic transducer or so called CMUT 
chip. The chip is a breakthrough ultrasound technology that can be used to receive and transmit 
acoustic signals in the ultrasonic range. Conventional ultrasound probes consist of multiple rows of 
around 120 piezoelectric crystals (depending on the type of probe). Each crystal is wired to the 
connector making the connector clumping and big. The cable that connects the probe with the 
connector is heavily shielded to protect the small signals from getting disrupted. The ultrasound 
semiconductor does not use any crystals but instead uses capacitive zones integrated on a silicon chip. 
These capacitive zones or sensors can be used for sending and receiving sound waves using a 
radiofrequency (RF) pulse or RF measuring circuit applied to it. The sensors, wires, and computed 
circuits can be placed on the same chip making it very thin and cost-effective. The chips are 
manufactured using thin film photolithography, scanning, a well-known microfabrication that can be 
very cost-effective for mass production. Another advantage is the preprocessing ability of the 
integrated computational circuit. The computation circuit in the chip converts the raw data into a 
digital image. This results in fewer wires, just two for power and two for data communication. But also 
leads to less data interfering over the cable and the possibility of sending the data wirelessly when the 
chip is connected to an integrated battery. Due to the small form factor of the chip and special 
ultrasound gel, the ultrasound sensors can be attached to the human body for more than 48 hours, 
making it an ideal solution for continuous monitoring. Moreover, the sensors are small and 
inexpensive which would enable us in clinical practice to attach more than one sensor and monitor 
different locations simultaneously in real-time.  
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