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Abstract 
 
The objective of the thesis was to evaluate the possibility to calculate the unloading distribution 
between a ventilator and a patient using a new mathematical modelling of the breathing patterns. 
The modelling used today is considered to lack sufficient precision for clinical use, and is a 
somewhat simplified model. To evaluate the possibility of a new model, a volunteer test was 
carried out - recording data such as Edi, pressure, volume and flow. Using this data, and by using 
a more complex model, tidal volume was estimated and compared to the measured data. The 
results did not imply any improvement compared to the simpler model regarding the accuracy 
and the variability. However, more work should be done in this area, as time deficiency prevented 
further analysis. 
 
Key words: Neurally Adjusted Ventilatory Assist, Electrical Activity of the diaphragm, Neuro-
Mechanical Efficiency, Neuro-Ventilatory Efficiency, Respiratory muscle unloading.  
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Sammanfattning 
 
Syftet med detta kandidatexamensarbete var att undersöka möjligheten att beräkna avlastningen 
mellan ventilator och patient genom att använda en ny matematisk modell för andningsmönster. 
Modellen som används idag saknar tillräcklig precision för klinisk användning, och är en något 
simplifierad modell. För att undersöka möjligheten till en ny modell, utfördes ett volontärtest - 
där data som Edi, tryck, volym och flöde spelades in. Genom att använda denna data, och genom 
att använda en mer komplex modell, estimerades tidalvolymen och jämfördes med den uppmätta 
datamängden. Resultatet implicerade inte någon förbättring jämfört med den enklare modellen 
med hänsyn till noggrannhet och variabilitet. Mer arbete behöver dock göras i detta område, då 
tidsbrist förhindrade vidare analys. 
 
Nyckelord: Neurally Adjusted Ventilatory Assist, Electrical Activity of the diaphragm, Neuro-
Mechanical Efficiency, Neuro-Ventilatory Efficiency, Respiratorisk muskelavlastning.  
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Abbreviations  

C                Compliance 

E                Elastance 

Edi             Electrical Activity of the Diaphragm 

EMG          Electromyogram 

I                 Inertia 

ICU            Intensive Care Unit 

NME          Neuro-Mechanical Efficiency            

NVE          Neuro-Ventilatory Efficiency 
 
PEEP        Positive End Expiratory Pressure  
 
PCV           Pressure-controlled ventilation 
 
PS               Pressure Support 
 
R                 Resistance 
 
TV              Tidal Volume 
 
VC              Volume Control 
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1 Introduction 
 

One of the greatest challenges in today’s society is the aging population1. This is mainly due to 
the advancements made in the healthcare system and in the medical industry. These 
advancements have enhanced life quality on an international scale, though it also implicates a 
heavier workload for the healthcare systems worldwide. Consequently, the workload is a driving 
force behind the development of medical equipment. One instrument that has made major 
progress in recent years is the ventilator. Though being a subject of refinement over the last years 
of employment, there are still operational issues with conventional ventilators, - mainly related to 
the issue of asynchrony. Asynchrony is defined as the difference between the inspiratory and 
expiratory time from patient and ventilator2. Studies have shown that asynchrony is associated 
with prolonged hospital stay1-2. 
 
Maquet (product brand within the Getinge company) recently developed a new technology to 
control ventilators, called Neurally Adjusted Ventilatory Assist (NAVA). NAVA differs from 
other technologies, as it measures Electrical Activity of the diaphragm (Edi) diaphragm in order 
to synchronize the breath from a patient, thus eliminating asynchrony3. In traditional ventilation, 
the caregiver sets the parameters determining how much volume the ventilator provides to the 
patient4. This assessment is however based on informed guesswork rather than on actual values 
or indications.  
 
When using NAVA, the patient is able to control the size of every breath, proportional to Edi3. 
This implies that the patient has to put more or less effort, depending on level of assist in 
NAVA, called NAVA level, implemented. The higher the NAVA-level the more work of 
breathing the ventilator does, and vice versa2,5. 
 
To address this, studies have explored and addressed the possibility to create a general 
recommendation for caregivers to set NAVA level, as it today is an iterative process6-8. An 
appropriate NAVA level set by caregiver is of great importance in order to not make the patient 
do too big of an effort (muscle fatigue), or too small of an effort, which might lead to prolonged 
hospital length of stay. One way to achieve this would be to use Edi and the corresponding 
volume to the signal, to determine the proper settings. This method is however not stable and 
accurate enough to be used in clinical practice. 
 
In order to solve this problem, Maquet recently put through a volunteer test modelling electrical 
signal to momentary flow instead of Peak Edi to Tidal Volume (TV) 9. The result from this test 
did however not show any significant improvement with this new approach in terms of accuracy 
and variability. This was partly because of deficiencies in the volunteer data and because the 
modelling was not fully evaluated. This thesis presents a continuation of the volunteer test, using 
a similar but altered setup to investigate if another modelling of the relationship between Edi and 
volume for unassisted breaths, with a lowered variability, is obtainable. 
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1.1 Aim  
 
The primary goal of this thesis is threefold: 
 

• Enhancing the model from the Maquet volunteer test with respect to the relationship 
between tidal volume and muscular power, with aim to achieve a standard deviation less 
than ten per cent. 

• Put through a volunteer test with improved measurements from previous test including 
more data on each measurement and new breathing manoeuvers.  

• Identify which or what parameters in the model that has the biggest impact to the error 
estimated.  

 

1.2 Limitation  
 

• The thesis covers results related to adults 
• Measurements are to be performed during one voluntary test on one healthy adult 

volunteer during a single day in April 2017. 
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2 Background 
 
Breathing is one of the essential mechanisms for life, an inspiratory and expiratory action 
performed from birth to death2. It is defined as the process where air travels through the mouth 
or nose to the lungs due to muscle contraction and then exhaled as a result of muscle relaxation. 
Breathing is one of the vital processes we need in order to sustain cellular metabolism. 

2.1 Anatomy and physiology of breathing 
 
Every breath is initiated by the respiratory centre in the brainstem and is to a certain extent under 
voluntary control, but mostly controlled subconsciously10. This is being regulated and controlled 
by chemoreceptors that are leading the information to the centre by arteries. The goal in this 
process is to keep the carbon dioxide and oxygen levels in the arterial blood undisturbed 
regardless of cellular activity.  
 
The respiratory centre uses electrical impulses to communicate with the respiratory muscles10. 
These muscles comprise of the intercostal muscles and the diaphragm, then contracts - resulting 
in increased lung volume. This leads to a decrease in pressure, causing air to flow into the lungs. 
The act of exhalation is however a passive action where the respiratory muscles relaxes, and due 
to the lung tissues elastic nature, the lung quickly retains its initial form which forces air to exit 
the lungs through the upper airways10.  
 
The blood-gas exchange occurs in the alveoli-capillary site10. Here, the oxygen enriched air is in 
tight connection to blood, allowing gas transfer. This oxygen is then transported into the blood 
and bound to hemoglobin, leading to carbon dioxide expiring in the opposite direction10.  

2.2 Demand of ventilation 
 
There are various reasons resulting in impaired gas exchange. Diseases or serious accidents might 
impinge the breathing through an increased load to the respiratory muscles and alveoli 
obstruction respectively2. Critically ill patients in the Intensive Care Unit (ICU) may therefore 
need support to maintain sufficient gas exchange. This can be done through mechanical 
ventilation, an external instrument that provides breaths with predefined volumes and pressures 
to the patient.  

2.3 Ventilators 
 
A ventilator is a medical instrument that supports breathing and is necessary for patients who 
have impaired ability to breathe on their own11. The main function of the instrument is 
distribution of oxygen to the lungs and exhalation of carbon dioxide. In order to do this, the 
machine is connected to the airways by way of mouth and nose, or intubation, requiring masks or 
plastic tubes attached to the patient.  
 
The notion of artificial breathing can be traced back to as early as the 1550s12. This initial work 
lead to the release of the first negative pressure ventilator, the iron lung, which came in the early 
1920s and had a huge impact on medical care. In conjunction with the polio epidemics, 
mechanical ventilators had an extensive production, and the first positive pressure ventilator was 
invented in 195012. Later on, it was found that positive pressure support was more efficient than 
negative pressure support2. Mechanical ventilation was therefore evolved to supplementary gas 
exchange assistance, instead of shifting and backing the neuromuscular pump. Although the 
development of the mechanical ventilator has come far, the basic principle behind the machine 
remains the same13. 
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Today there are two ways to attach the ventilator and the two methods are to be distinguished14. 
The non-invasive method is using a mask that closes tightly over mouth and nose. For patients 
who are in need for longer treatment, a cannula is being operated into the larynx, which is called 
invasive ventilation. 
 
There are a wide range of different mechanical ventilators available on the market, which usually 
are divided into categories, depending on if the patient is treated at home or in the ICU3. Besides 
mechanical ventilators there are assisted ventilators which ventilates according to the patient’s 
own breathing pattern. This ventilation mode is best suited for weaning patients off the 
ventilator3. 
 
The most common types of assisted ventilation is Pressure support (PS), which is commonly 
used for respiratory assistance during non-invasive ventilation15, and NAVA, which can be 
provided to a wide variety of patients.  Assisted ventilation improves synchrony between patient 
and ventilator, as well as reducing time spent in ventilator due to shorter weaning process2. 
 
Ventilators have a setting for positive end expiratory pressure (PEEP) which implies positive 
respiratory pressure when a breath is finished. PEEP is used to improve oxygenation of the 
patient and prevents the alveoli to collapse at the end of exhalation, when the lung volume is 
being reduced16. Another setting in ventilators is Volume Control (VC) which is a setting that 
allows the ventilator to deliver a set Tidal Volume (TV) and rate in every breath to the patient17. 

2.4 Challenges within ventilation  
 
Ventilation today is facing a few challenges. Three of these challenges are of great importance for 
this thesis and are to be presented in this section. 
 
Prolonged mechanical ventilation implies risks of complications, such as drop in diaphragmatic 
force2 and reduction in protein synthesis3. Weakness in the diaphragm as a result of artificial 
breathing is defined as Ventilator Induced Diaphragmatic Dysfunction (VIDD) and is common 
in ICU patients2. These dysfunctions can be found after 24-48 hours from the moment 
mechanical ventilation is being initiated, which is a short time in consideration of the condition of 
the patients in need of ventilation. This critical condition might lead to muscle atrophy which, for 
the patient, means a prolonged dependence of mechanical ventilation18.  
 
The diaphragm is just like any muscle sensitive to atrophy, meaning that the force of the muscle 
can decrease fast after just a brief time when it is not being used3. This is a substantial problem 
with ventilation where the ventilator does the work for the diaphragm, leaving it unused. Due to 
this, the caregiver needs to let the patient go through a phase of gradually increasing workload of 
breathing in order to retain diaphragmatic strength. This period of time is called weaning and 
correlates to 40-50 per cent of the duration of ventilating patient19. Studies have shown that 
prolonged weaning is associated with increased mortality and morbidity2,19.  By synchronizing 
early with the patient, weaning can be reduced20. 
 
Asynchrony can be defined as the difference between the assist given by the ventilator and the 
patient demand2. This can lead to the ventilator not responding to the patient’s own efforts to 
breath. It may also lead to triggering wrong parts of the cycle, meaning that the ventilator might 
start a breath without the patient making efforts to start one. As many as 25 per cent of all 
patients with mechanical ventilation are experiencing asynchrony2. Asynchrony may lead to 
increased lung volume and attenuated respiratory muscles3 and is associated with protracted 
duration of ventilation1.  
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2.5 NAVA and Edi  
 
NAVA is a recently developed additional mode to the ventilator that uses Edi in order to assist 
the patient’s respiratory effort1. By using the Edi signal, the ventilator triggers and delivers assist 
in a response proportional to the patient’s own inspirational effort3. 
 
Edi is the electromyography signal (EMG) that is generated in the diaphragm as a consequence of 
a trigger from the respiratory centre2. A large signal implies the need of recruitment of additional 
muscle fibre, resulting in a deep breath. NAVA acquires Edi signal, using a specially designed 
catheter equipped with an array of microelectrodes that is inserted through the nostrils to the 
oesophagus2. This catheter is then positioned by measuring the gap between nose and then, by 
utilizing a specific table, calculating the catheter insertion distance21. The signal attained from the 
diaphragm is often contaminated by other bioelectrical activity in the surroundings, such as 
signals from the heart and motion artefacts2. Algorithms have thus been developed to filter the 
signal, extracting only the Edi. 
 
In case the NAVA does not register any Edi signal, the ventilator will provide a backup trigger, 
based on other parameters such as flow and pressure5. These settings are adjustable, and the 
ventilator responds to whichever signal come first, the neural signal or the backup trigger. 
 
NAVA level 
 
In order to convert the Edi signal into a certain pressure provided by the ventilator, NAVA level 
is used2. NAVA level is a proportionality factor that distributes workload between the patient and 
the ventilator, based on the Edi signal. There are several ways of setting the NAVA level clinically 
today21. One of these settings is in short to observe pressure and Edi as NAVA level is gradually 
changed in steps of 0.1 cmH2O/µV until these parameters reach a plateau. The NAVA level is 
then set to this value.  
 
The aim with this approach is to find the balance where the ventilator provides sufficient support 
without over assisting, as that might translate into prolonged weaning. The formula used for 
depicting pressure provided by the ventilator is used as: 
 

𝑃"#$% = 𝐸𝑑𝑖 ∙ 𝑁𝐴𝑉𝐴	𝑙𝑒𝑣𝑒𝑙  (Equation 1) 
 
Pvent : Pressure delivered by the ventilator, [cmH2O] 
Edi: Electrical Activity of diaphragm, [µV] 
NAVA level: Factor to convert Edi signal into pressure delivered by ventilator, [cmH2O/µV] 
 
Thus, the same NAVA level results in different delivered pressures from the ventilator, as the Edi 
might differ2. 
 
NME and NVE 
 
Neuro-Mechanical Efficiency (NME) indicates how the mechanical output from the diaphragm 
relates to the Edi2. NME quantifies as [cmH2O/µV] and is derived when the patient breaths with 
occlusion in the airways22. It is an index that is computed from the median value of the pressure 
delivered by the ventilator divided by the Edi signal. Typical values of NME in patients are 
somewhere between 1-2,6 [cmH2O/µV]25. 
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𝑁𝑀𝐸 = 𝑚𝑒𝑑𝑖𝑎𝑛( 78 %
797: %

)  (Equation 2) 
 

NME: Neuro-Mechanical Efficiency, [cmH2O/µV] 
P: Pressure delivered by the ventilator, [cmH2O] 
Edi: Electrical activity of the diaphragm, [µV] 

 
Neuro-Ventilatory Efficiency (NVE) is an index used to monitor weaning22. It is quantified as 
[ml/µV], thus describing the respiratory muscles ability to translate Edi to ventilator volume 
without assist from the ventilator. 
 

𝑁𝑉𝐸 = 	 <=
97:>?@A

 (Equation 3) 
 
NVE: Neuro-Ventilatory Efficiency [ml/µV] 
TV: Tidal volume [ml] 
Edipeak:	Peak of the Electrical Activity of the diaphragm [µV] 
 
To evaluate NVE, the caregiver sets the NAVA level to zero for one breath, which means the 
patient does all of the breathing effort2. The relation between the measured corresponding Edi 
signal and the pressure or volume during this breath is used to calculate NVE. 
 
These indexes are used as to clinically calculate the patient to ventilator work contribution.  
 
NAVA challenges 
 
Theoretically, using EMG from the patient’s diaphragm as a reference signal, NAVA should be 
able to create a near perfect synchrony between patient and ventilator2. Studies have indicated 
that NAVA does indeed improve synchrony compared with other clinical modes of ventilation1-2. 
Despite this, there are still variabilities in clinical studies2. 
 
One challenge in today's use of NAVA is the concept of NAVA level, which might be hard to 
grasp for clinicians5. An effort to create a new method to provide a more general 
recommendation for caregivers was therefore made by the help of the NVE index22. However, 
this study found a variation between the same types of breathing manoeuvres, meaning that the 
same amplitude of Edi results in different volumes. This variation makes the method not 
trustworthy enough for clinical practice. The variation could be due to several factors, such as 
change of the relative contribution of different inspiratory muscles or a possible nonlinear 
relationship between Edi and volume2. 

2.6 Modelling 
 
The approach used to estimate the volume corresponding to Edi signal from patient clinically 
today is  
 

𝑇𝑉8D% = 𝑁𝑉𝐸 ∙ 𝐸𝑑𝑖   (Equation 6) 
 

TVpat: Tidal Volume from patient 
NVE: Neuro-Ventilatory Efficiency [ml/µV] 
Edi: Electrical activity of the diaphragm, [µV] 
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This approach is however requiring the Edi signal between assisted and unassisted breaths to be 
similar, leaving the calculation of contribution between patient and ventilator to be based only on 
fractions of all assisted breaths.  
 
In this thesis, another theoretical approach is being used to improve the estimation of 𝑇𝑉8D%, 
based on a simplified version of a lung:  

 
Figure 1. Simplified lung model. 

 
Without contribution from the diaphragm, Pressure from diaphragm,	𝑃7: , is zero.  
 

𝑃DE = 𝑃F + 𝑅 ∙ 𝜑|(𝜑)|  (Equation 7) 
 

Paw: Airway Pressure [cmH2O] 
R: Resistive term corresponding to turbulent flow [cmH2O/(ml/s)2] 
PL: Lung Pressure [cmH2O] 
φ: Flow to the lung [ml/s] 
 

𝑃F = 	𝑃L + 𝐸 ∙ 𝑉 (Equation 8) 
 

P0: Pressure in lung at start of inspiration [cmH2O] 
E: Elastance [cmH2O/ml] 
V: Volume change in the lung [ml] 
 

𝐸 = 	 M
N
  (Equation 9) 

 
C: Compliance [ml/cmH2O] 

 
𝐶 = 	 ∆=

∆Q
 (Equation 10) 

 
∆V: Difference in volume [ml] 
∆P: Difference in pressure [cmH2O] 
 
 
 
Equation 7 together with Equation 8 gives  
 

𝑃DEM = 	𝑃L + 	𝑅 ∙ 𝜑 𝜑 + 	𝐸 ∙ 𝑉  (Equation 11) 
 
With addition of the lung expanding muscle force, Equation 8 is modified to 
 

𝑃F + 𝑃7: = 𝑃L + 𝐸 ∙ 𝑉  (Equation 12) 
 

Pdi: Diaphragmatic Pressure [cmH2O] 
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Where Pdi can be defined as  
 

𝑃7: = 𝑁𝑀𝐸 ∙ 𝐸𝑑𝑖 (Equation 13) 
 
Equation 11 with inclusion of the diaphragmatic pressure is described as 
 

𝑃DET = 	𝑃L + 𝑅 ∙ 𝜑 𝜑 + 𝐸 ∙ 𝑉 − 𝑁𝑀𝐸 ∙ 𝐸𝑑𝑖  (Equation 14) 
 
The theory behind this approach is based on that the generated force of the diaphragm loses 
strength as it is flattened23. Hence, the NME term could be described as 

𝑁𝑀𝐸 = 𝑁𝑀𝐸L ∙ (1 − 𝛼 ∙ 𝑉)   (Equation 15) 

𝛼: Scaling factor 
 
Another potentially important term to add is the inertia of the system, to prevent the 
mathematics to take physiologically impossible steps in the flow. 

𝐼𝑛𝑒𝑟𝑡𝑖𝑎 = 𝐼 ∙ 𝜑    (Equation 16) 

I: Inertia of the system 
𝜑: Time derivative of the flow 
 

Insert Equation 15 and Equation 16 into Equation 14 

𝑃DE[ = 	𝑃L + 𝑅 ∙ 𝜑 𝜑 + 𝐸 ∙ 𝑉 − 𝑁𝑀𝐸L ∙ 1 − 𝛼 ∙ 𝑉 ∙ 𝐸𝑑𝑖 + 𝐼 ∙ 𝜑   (Equation 17) 

The pressure increase can be set to zero in a zero assisted breath 

𝑃DE − 𝑃L = 0    (Equation 18) 

Here, the flow is a pure result of patient effort, in comparison to Equation 17 where flow is a 
result of both ventilator and patient. The patient flow is solved based on Equation 17 and 
Equation 18 

𝜑8D% ∙ | 𝜑8D% | = 	−
9
]
∙ 𝑉 +	^_9`∙97:

]
− ^_9`∙a∙=∙97:

]
− b

]
∙ 𝜑    (Equation 19) 

 

The equation system can be described as 

 

                                                    

(Equation 20) 
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The solution to Equation 20 can be given by the least square method explained in Equation 21.  
 

𝑥 = 𝑢< ∙ 𝑢 eM ∙ (𝑢< ∙ 𝑦)   (Equation 21) 
 

The reasoning behind choosing to solve this equation with the least square method is that it is a 
convenient way to solve for each point in time in these types of systems.  
 
When the parameters in vector x has been calculated, the flow 𝜑 can be estimated. To 
circumvent the issue with the quadratic flow form as described in Equation 19, the 𝜑 is estimated 
by dividing both sides with the 𝜑 one sample before as described in Equation 22. 

 
𝜑8D% 𝑡 = eg M ∙= % hg T ∙97: % eg [ ∙97: % ∙= % ei j ∙k %eM

k>@l %eM 	h	m:$nopE
        (Equation 22) 

To accommodate for the first step, a parameter defined as minFlow is implemented to avoid 
division by zero. 𝜑 𝑡 − 1  is also used in the numerator as an estimation of the flow derivative 
due to the mathematically impossibility of using the current flow derivative, as that is what is 
being calculated. The first step in this case would be zero. 

The patient ventilator breath contribution can then be calculated by 

𝑃𝑉𝐵𝐶 = 	 k>@l(%)
<:7Do	=porm#

     (Equation 23) 

PVBC: Patient Ventilator Breath Contribution 
 
 
Previous volunteer test modelled patient flow with least square method (Equation 21). Another 
way to model patient flow would be to use Grey-Box Model Estimation, which is a toolbox in 
MATLAB24. It is a computational model to estimate coefficients, combining theoretical structures 
and data to complete the model. With this estimation it is possible to set a theoretical value to the 
different values of x that are computed in Equation 19. With the Grey-Box tool, you can steer 
the parameters to a certain extent, telling the program that these parameters should fall into a 
certain range.  
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3 Method 
 
This is a chapter describing how this thesis was performed in order to obtain the results stated.   

3.1 Protocol 
 

A protocol for the voluntary test was obtained from supervisor, containing measurements that 
were to be performed in this thesis. It was divided into sections regarding if the ventilator was to 
be used or not, and to what levels that were to be set. The targeted number of breaths for each 
period was set to 20 breaths or a minute of breathing. Every breathing interval had a desired level 
to reach, such as different levels of Edi (5 µV, 10 µV etc.) or different breathing patterns such as 
variably breathing with a slow or fast rate. Most targets were performed more than once, some 
with no added resistance and some with resistance 20 (Pneuflo® Airway Resistor, Rp20).  
 
Manoeuvres where the volunteer tried to maintain a desired level of Edi for a few seconds were 
also added. Another manoeuvre in the protocol was occlusion, meaning that the tube that the 
volunteer was breathing through suddenly shut, resulting in a negative pressure and increase in 
Edi. See Appendix 1 Protocol (Table 1.1) for the full protocol.  

3.2 Simulation 
 

A simulation of the volunteer test was done 2017-04-07 where the modified software of a 
ventilator SERVO-i (Maquet Critical Care AB. SERVO-I with modified software [ventilator]. 
Solna: Maquet Critical Care AB) was tested. The simulation was done on the pertinent, and 
possible parts of the protocol with further intentions to test the protocol. The testing was 
performed at Maquet Critical Care Solna in indoor climatic environment. Two different modes 
on the ventilator was tested, Pressure Support and Pressure Control.  
 
An iPod (Apple. iPod, Model No. A1199. California: Apple) and a test lung (Maquet Critical Care 
AB. Test lung 190. Solna: Maquet Critical Care AB) was connected to the SERVO-i, simulating a 
faked Edi signal and a fake lung. The Edi Module used was Edi Module 50 Hz (Maquet Critical 
Care AB. Edi Module 50 Hz. Solna: Maquet Critical Care AB). A healthy volunteer (thesis 
worker, 23-year old man) was breathing in a filter (Maquet Critical Care AB. Servo Duo Gard. 
Solna: Maquet Critical Care AB) and Y-piece flow meter (Maquet Critical Care AB. Y Sensor 
Module, Model No. 6670650. Solna: Maquet Critical Care AB). The breathing setup was 
performed lying down and a nose clip was used. The resulting data was tested and verified in the 
initial MATLAB 9.1.0 (MathWorks Inc., Natick, MA, USA) code from the previous volunteer 
test, handed from supervisor (Internal at Maquet. Stored at http://sesol-
svn001.getingegroup.local/svn/repos-1/Research/ServoTrendWindow/Trunk/mFiles/NVE). 
 

3.3 Volunteer test 
 

A volunteer test was performed 2017-04-10 on a Maquet employee, a healthy 51-year old male. A 
formal ethical permission from the government was deemed unnecessary as the testing was of an 
informal character and not a part of a larger study. The testing was performed with the same 
material and in the same environment as the simulation. The volunteer was breathing through the 
filter and the Y-piece flow meter using the nose clip, lying down on a hospital bed. Measurements 
were performed as the volunteer breathed with or without the ventilator SERVO-i, and with or 
without resistance. Incident to the target of the measurement, different breathing patterns were 
performed and measured. During the breathing setup, the volunteer was facing towards the 
SERVO-i, tracking his breathing patterns in real-time and matching them to protocol targets.  
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The Edi Catheter (Maquet Critical Care AB. 8 FR 125 cm long Edi Catheter. Solna: Maquet 
Critical Care AB) was inserted to the volunteer by hands of a doctor and adjusted according to 
the instruction of setting a Edi Catheter. The Edi signal from the catheter was monitored and 
verified to be accurate, and the function of the ventilator SERVO-i was checked on the test lung. 
 
Servo Trend Tool (Internal document at Maquet Critical Care. Reference id [STT_MAN], 
Document: User Manual Servo Trend Tool, Document identity: EVU-158972, Document 
version: 01) was connected to SERVO-i through USB Module #23 with Servo Tracker 4.2 in 
order to record flow, pressure and Edi.  
 
The last measurements were performed using the Volume Control-mode. In this manoeuvre, the 
volunteer was to lie completely passive, letting the ventilator inflate his lungs with predefined 
volume and with no own muscular activity. 

3.4 Data analysis 
 

The initial MATLAB code used in previous test was used as a frame for the analysis performed in 
this thesis. Functions PerTest1.m and PerTest2.m sorting out segments with data was modified 
to correspond to the time intervals for each measurement. A segment is defined as a period of 
time correlating to one measurement performed by the volunteer. The approximate time intervals 
were known from the protocol, and confirmed by plotting the Edi and Flow in each segment as 
the target was known.   
  
A function BreathSegmentFull.m filtering each segment was implemented, removing breaths that 
had a difference greater than 10 per cent or 50 ml between the inspiratory and expiratory volume. 
In the same function it was implemented that each segment of data started at an inspiratory 
manoeuvre and ending at an expiratory manoeuvre.  
  
Once the segments were filtered they were categorised with different flags, extracting segments 
with similar properties. The flags used were as follows:  
 

• Segments with Edi and TV as target 
• Segments with NME breaths 
• Segments with Volume Control 
• Segments with maintained Edi. 

 
The analysis of the data initiated commenced once the segments were filtered and categorised. A 
considerable part of this thesis was to develop the model and research at what levels the 
parameters were to be weighted. The Grey-Box estimation was used as a mathematical approach 
to calculate the parameters in the model for each segment where the matrix x in Equation 19 was 
implemented as state-space model. The parameters calculated could then be used to estimate the 
TV. This was done on the segments the parameters were calculated from as well as on other 
segments.  
 
A similar approach was implemented in the segments flagged as Volume Controlled, here 
steering the parameters R, NME, E, 𝛼	and I. These segments were processed in another Grey-
Box function, modelling Equation 17 into  
 

𝑃DE = 𝜑 ∙ 𝜑 ∙ 𝑅T + 𝐸 ∙ 𝑉 +	𝑃L (Equation 24) 
 

by putting the terms for Edi to zero as no muscle activity is performed during VC. The inertia 
term can also be ignored as the flow does not take any sudden turns thus eliminating the need for 
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inertia. The results were analyzed and saved as plots. The constants E and R were estimated in 
this function, and then used as in-parameters in the Grey-Box function calculating TV.  
 
Some testing implementing another resistive term, R1 were also performed, using Equation 24 
with an added laminar flow.  
 

𝑃DE = 𝜑𝑅M + 𝜑 ∙ 𝜑 ∙ 𝑅T + 𝐸 ∙ 𝑉 +	𝑃L   (Equation 25) 
 

R1: Laminar term for resistance [cmH2O/ml/s] 
R2: Turbulent term for resistance [cmH2O/(ml/s)2] 
 
Segments with flags for NME were extracted and examined separately. The corresponding Edi 
and Pressure data were plotted against each other and the NME values were calculated with 
Equation 2.  
 

3.5 Flow Chart 
 

A flow chart was created, showing how the code implemented was connected.  
 

Figure 2. Representation of how the code in this thesis is connected.  
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4 Results 
 
A typical time segment of selected data is shown in Figure 3. The functions PerTest1.m and 
PerTest2.m were holding the code shown below for each time segment. In this case, the 
measurement is flagged with 1, corresponding to a measurement with Edi as target.  

 
 
explanationStr(1) = {'5uV target, no resistance'};  
modelFlag1(1) = 1; 
expTime(2) = datenum('10:04:19'); % Start period 1 without res 
and ventilator 
expTime(3) = datenum('10:05:55'); % End period 1 without res 
and ventilator 
 
 
 

 
Figure 3. Plot showing an example of what types of data each time segment held, in this case for 

measurement 1. The code stated gives the shown figure.  

4.1 Volume Control 
 

Volume control was used to calculate E and R from tests with a passive volunteer. Results from 
measurements 72-75 (Appendix 1 Protocol (Table 1.1)), VC, are shown in Figure 4-6 and in 
Appendix 2 Results (Figure 2.1-2.9). Figure 4 shows that the Edi signal is zero in VC. The 
difference between Figure 5 and Figure 6 is the term R1∙flow in Figure 6 because of the different 
formulas calculating VC used. In Figure 6 and in Appendix 2 Results (Figure 2.1-2.3) it is stated 
that the linear term (R1) at some point is greater than the quadratic term (R2). This can also be 
seen in Table 1 and Table 2.  
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Plot corresponding to measurement 74, VC, with Flow, Volume and Pressure. 
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Figure 5. Plot of parameters from                                        Figure 6. Plot of parameters from 
measurement 74, with only the quadratic term                      measurement 74, with both the linear  
for resistance.                                                                        and quadratic term for resistance.  
 
Table 1. Results from measurements 72-75,     Table 2. Results from measurements 72-75,                          
with only the quadratic term for resistance.       with both linear and quadratic term for resistance.                                 
Last term was excluded from mean resistance. 

𝑹 0,0826       𝑬 0,009                                           𝑹𝟏 0,111         𝑹𝟐 0,0039          𝑬	0,009  
 

4.2 NME  
 

NME was performed with an occlusion to be able to calculate NME when different targets were 
desired. The results from the measurements flagged with NME are to be found in Figure 7 and in 
Appendix 2 Results (Table 2.1). Mean value for NME is 0,4735.  
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 7. Plot of arbitrary NME measurement. Appendix 2 Results (Fig 2.10) for NME 
appearance. 

       R        E       P0 

 

  R1   R2 
  Elastance 
[cmH2O/ml]        P0 

0,0078 0,011 0,11 
 

0,121 0,0027 0,011 0,48 
0,0075 0,011 3,03 

 
0,125 0,0029 0,011 3,42 

0,0095 0,01 0,41 
 

0,143 0,0042 0,01 0,97 
0,0082 0,005 3,53 

 
0,053 0,0062 0,005 3,72 
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4.3 Volume estimation based on Edi 
 

Results from Grey-Box Model Estimation, found in Figure 8 and in Appendix 2 Results (Figure 
2.13-2.16). A table with results from the estimation can be found in Appendix 2 Results (Table 
2.2). Both filtered and unfiltered data was tested and a result from this is presented in Appendix 2 
Results (Figure 2.11-2.12).  Further results from error in Grey-Box Model Estimation and error 
in NVE measurements can be found in Appendix 2 Results (Table 2.4-2.5). A summation of the 
error in using parameters extracted from Grey-Box Model Estimation is found in Appendix 2 
Results (Table 2.3). 

Figure 8. Shows a plot from the Grey-Box Model Estimation on measurement number 45 where 
the blue result is the measured data and the red result the estimated data. Here it is found that 

spikes appear at flows near zero 
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4.4 Edi versus Flow 
 

Below, Edi versus Flow is plotted with the characteristics of a hysteresis. 

 
Figure 9. Plot of Edi vs Flow, based on four breaths from measurement 17 and 45. 
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5 Discussion 
 
The advantage of using a healthy volunteer instead of a patient is that all breaths can be 
performed with zero assist. This enables statistical analysis of the variability between different 
measurements. We could also give the volunteer specific instructions depending on what we 
wanted to investigate, something that would be impossible with a patient. An example of this can 
be seen in Figure 3 where the volunteer had 5 µV Edi target. The reason for desiring segments 
with similar properties was to facilitate data analysis and estimations. The volunteer test was 
postponed two weeks due to outer circumstances which delayed the analysing part somewhat. 
This might have affected the outcome of this thesis, as it left less time for analysing than planned.   
  
A problem arose during the test as we noted that the flow curves on the Servo Trend Tool 
plotted differently than the corresponding curve on the SERVO-i, which led us to fear that the 
Servo Trend Tool possibly recorded something else than the desired flow. This potential error 
was noted when we had a few measurements still to be performed without the ventilator and a 
decision to move ahead to measurements with NAVA level was made. As the recorded data was 
analyzed, we found that the Servo Trend Tool recorded the correct flow all along, meaning that 
we had sufficient data although a few measurements never took place due to the skipping ahead. 
Some manoeuvres were observed easier to perform than others, the smallest and highest targeted 
signals were hardest to perform, leading to relatively small samples of these. Further noted was 
that some segments were unsatisfying regarding volume whereas a significant difference in TV 
regarding inspiration and expiration occurred. This could be due to leakage in the setup in such 
way that some air exhaled through the nose, or that the flowmeter were poorly sealed around the 
volunteer’s mouth. Potentially, the change in TV could have a physiological explaining, not being 
an error at all. Perhaps the volunteer exhaled a larger part of the expiratory reserve volume in the 
lungs than he inhaled in the previous breath. Regardless, the filter implemented in 
BreathSegmentFull.m ensured smoother segments and breaths with the trade-off shorter 
segments, where some segments resulted in just a few breaths. 
  
Modelling with least square method contains a certain weakness, as it only calculates the total 
values of the x-vector, not taking the different constants and parameters into account. It is also 
lacking any method to steer the values of the individual parameters to obtain certain levels. These 
issues is the reasoning behind modelling with Grey-Box, as this method enables insight and 
control over the individual parameters. Further benefits and argumentations for using this model 
is the ability of weighting parameters against each other thus steering the function to a predefined 
value. As our calculated values for E and NME were found to be reasonable and consistent, we 
decided to weigh the function more heavily to these parameters.  
  
When analysing the Edi during the VC segments Figure 4 and in Appendix 2 Results (Figure 2.7-
2.9) it was noted that this signal indeed persists around zero, reinforcing the theory. All periods 
apart the last one behaved like this due to the volunteer not lying passively, which can be seen as 
a small but noticeable Edi-signal was generated (Appendix 2 Results (Figure 2.9)). This period 
had to be discarded as contaminated for this reasonz. Using the Equation 20 in a Grey-Box 
function, with the known volumes and total pressure, the elastance and the nonlinear parameter 
of R could be estimated and compiled in Table 1. The term P0 was assumed to be equal to the 
PEEP value, a parameter we set to 0 on two segments, and 3 on the other two. The calculated 
values of R and E were consistent and on reasonable levels, thus considered true for this 
volunteer.  
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Another unknown parameter in the formula, the NME parameter, had to be estimated in order 
to steer the Grey-Box function correctly. As previously stated, certain periods were extracted 
when the volunteer performed a NME manoeuvre, Appendix 2 Results (Figure 2.10), using the 
quota of the difference in peak to occlusion initiated as shown in Figure 7. The average value of 
the NME parameter found in Appendix 2 Results (Table 2.1) are reasonable, however perhaps a 
little low considering the healthy state on the lungs of the volunteer.  
  
The resulting plots from Grey-Box did indeed follow the curves fairly well, although spikes are 
present where the flow approaches zero, see Figure 8. This can be explained when examining the 
mathematics, Equation 22, dividing with the absolute value of the flow, which will lead to high 
positive values on some parts of the model like the ^_9∙97:

]∗|k|
 and high negative values on =∙97:

]∗|k|
 , as 

the model tries to balance them against each other. This is hard for a model like this to do, as 
relatively small differences between the compared size of the parameters results in the spikes 
present in the modelling, see Appendix 2 Results (Figure 2.14-2.16). This disturbance meant that 
the Grey-Box tool had to work hard in order to find solutions near our set parametric values as it 
tried to find solutions that could deal with these high spikes. In order to address this issue, a filter 
was implemented, stating that values of the flow below 1 ml/s were set to 1 ml/s when 
calculating the parametric values. The trade-off is negligible since the main objective was to 
estimate the volume at high values of flow, not when it’s approaching zero because of the low 
volume contribution there. 
  
The table (Appendix 2 Results (Table 2.2)) supports the modelling through the Grey-Box model 
as these parameters are very close to the desired or expected values. However, when comparing 
these results with the results calculated with the commonly used, and much less complex 
modelling of NVE TV estimation, we can deduce that the results from our model does not 
improve the result in a significant way (Appendix 2 Results (Table 2.4-2.5)). This leads us to think 
that there might be something in the model that has been overlooked thus far. One hypothesis in 
the previous volunteer test was that the flow and Edi signal mismatched. An effort to solve this 
was in this thesis implemented by letting the flow signal go through the same filtering as the Edi 
signal to rinse out artefacts. The reasoning behind it was that the filtering could delay the Edi 
signal somewhat, and by letting the flow go through the same filter they would match better in 
time. However, the flow data got influenced by this filtering, smoothing out curves and lowering 
peaks. To evaluate if this trade off was important, we tried to use the raw data against the Edi. 
The results (Appendix 2 Results (Figure 2.12)) tells us that the filtering impacts the estimation 
thus rejecting this hypothesis. 
 
Another hypothesis was that there might be a linear term in the Equation 24 missing. Normally, 
the resistance of a system with flow comprises of two parts, one resistance corresponds to the 
laminar nature of the flow and another term corresponding to the turbulent flow. In the model, 
we only took the turbulent resistance term into account. Thus, another term R1 was added in the 
VC analysis and plotted together with the other terms (Figure 6 and Appendix 2 Results (Figure 
2.1-2.3)) to evaluate the impact this term would have. The results imply that this term could be 
significant, as it contributes at least as much as the nonlinear term, and in some cases even 
surpasses it. An effort to implement this term in Equation 24 was made, simply by adding 𝜑 ∙ R1 
as another term, using the calculated mean R1 from the greyboxLungCompliance.m and mean R2 
as in the nonlinear term. Time deficiency prevented us to further investigate how the R1 term 
could be implemented. 
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A third hypothesis, regarding whether the ventilator provides some flow despite that the NAVA 
level is set to zero was evaluated. This could be a significant finding and something we could 
address in the modelling. Figure 9 shows some sort of gain at parts of the measurements, 
although not sufficient to prove the hypothesis to be correct. This plot is only based on four 
breaths, mainly due to heavy filtering, which can be a source of error in this case.  
In Appendix 2 Results (Figure 2.17) another plot, based on remarkably more breaths, also shows 
a small contribution from ventilator when set to NAVA level zero. Nonetheless, it is not a 
contribution during the whole measurement which leads the hypothesis to be rejected for these 
setups. 
 
When an attempt to use calculated parameters from a segment to estimate volume and flow on a 
different segment where the volunteer was instructed to breathe variably with either a high 
frequency or a low frequency, the results were wanting. At best, using parametric values from a 
segment with low internal error, the <=?

<=x
	ratio became 27 per cent, far off our desired 10 per cent 

goal. The reasoning behind estimating on variable breathing was to intentionally challenge the 
model with a messy and random breathing pattern, making it tough for the model to follow. 
 
A patient requiring mechanical ventilation in the ICU costs the society an average of 
$30 000 USD. Furthermore, the ICU patients requiring more than three weeks of mechanical 
ventilation corresponds to 50 per cent of all the ICU related costs. As NAVA and assisted 
ventilation reduces time spent in hospital therefore follows economic prosperity for both private 
hospitals and for society. A refined model for NAVA with a tool to help the clinician to set a 
proper assist based on unloading would also improve patient comfort. The costs of NAVA and 
Edi Catheter are scanty compared with the costs hospital stay corresponds to.  
 
A tool to calculate unloading would make NAVA more user friendly, perhaps convincing more 
physicians to use NAVA. This would in turn result in shorter hospitalization for patients, 
lowering costs for the hospitals and in a greater perspective society itself. NAVA has been 
successfully utilized for many years, and has been proved to be better than PS in terms of 
synchrony in a number of studies. However, an extensive study that definitely proves that the 
hospital stay reduces with NAVA compared to PS is yet to be done. A step towards an extensive 
study to be performed could be to spread the usage of NAVA further, which this thesis could 
contribute to if a successful model was to be developed. The ambitious aim to get an estimation 
of the patient contribution in terms of volume lower than ten per cent mean error still stands 
unclear if it is obtainable due to the complexity of breathing. Further analysis should be done in 
this regard, possibly evaluating if the R1 term should be added. 
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6 Conclusion 
 
The main objective of the thesis, developing a methodology to estimate TV with a mean error of 
less than 10 per cent, was not accomplished. More analysis should be performed with the 
collected data. Further testing with the model should be done, and of special interest is the R1 
term that could prove to be significant in the model.  
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Appendix 1: Protocol 
This appendix contains the protocol that is described in chapter 3, Method. 
 
Table 1.1. This is the protocol that was used to perform the voluntary test described in chapter 3. 
It is divided into sections regarding if the ventilator was used or not and to what levels that were 

set. It includes different targets such as Edi, Tidal Volume (TV), NME or none (n/a). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Meas. Number Ventilator Resistance Target Level PEEP 
1 No 0 Edi 5 n/a 
2 No 0 Edi 5 with hold n/a 
3 No 0 Edi 10 n/a 
4 No 0 Edi 10 with hold n/a 
5 No 0 Edi 20 n/a 
6 No 0 Edi 20 with hold n/a 
7 No 0 TV 400 n/a 
8 No 0 TV 600 n/a 
9 No 0 TV 800 n/a 
10 No 0 TV 1000 n/a 
11 No 0 n/a variable slow n/a 
12 No 0 n/a variable fast n/a 
13 No 20 Edi 5 n/a 
14 No 20 Edi 5 with hold n/a 
15 No 20 Edi 10 n/a 
16 No 20 Edi 10 with hold n/a 
17 No 20 Edi 20 n/a 
18 No 20 Edi 20 with hold n/a 
19 NAVA-NL 0 0 NME  0 
20 NAVA-NL 0 0 Edi 5 0 
21 NAVA-NL 0 0 Edi 10 0 
22 NAVA-NL 0 0 Edi 15 0 
23 NAVA-NL 0 0 Edi 20 0 
24 NAVA-NL 0 0 Edi 30 0 
25 NAVA-NL 0 0 n/a variable slow 0 
26 NAVA-NL 0 0 n/a variable fast 0 
27 NAVA-NL 0 0 NME  0 
28 NAVA-NL 0 0 NME  3 
29 NAVA-NL 0 0 Edi 10 3 
30 NAVA-NL 0 0 Edi 15 3 
31 NAVA-NL 0 0 Edi 20 3 
32 NAVA-NL 0 0 Edi 30 3 
33 NAVA-NL 0 0 n/a variable slow 3 
34 NAVA-NL 0 0 n/a variable fast 3 
35 NAVA-NL 0 0 n/a Exp TV < Insp TV 3 
36 NAVA-NL 0 0 NME  3 
37 NAVA-NL 0 0 Edi 20 6 
38 NAVA-NL 0 0 Edi 30 6 
39 NAVA-NL 0 0 n/a variable 6 
40 NAVA-NL 0 0 NME  6 
41 NAVA-NL 0 0 NME  8 
42 NAVA-NL 0 0 Edi 20 8 
43 NAVA-NL 0 0 Edi 30 8 
44 NAVA-NL 0 20 Edi 10 0 
45 NAVA-NL 0 20 Edi 20 0 
46 NAVA-NL 0 20 Edi 30 0 
47 NAVA-NL 0 20 n/a variable 0 
48 NAVA-NL 0 20 n/a Exp TV < Insp TV 0 
49 NAVA-NL 0 20 NME  0 
50 NAVA-NL 0 20 NME  3 
51 NAVA-NL 0 20 Edi 10 3 
52 NAVA-NL 0 20 Edi 20 3 
53 NAVA-NL 0 20 Edi 30 3 
54 NAVA-NL 0 20 n/a variable 3 
55 NAVA-NL 0 20 n/a Exp TV < Insp TV 3 
56 NAVA-NL 0.5 0 n/a variable 0 
57 NAVA-NL 1.0 0 n/a variable 0 
58 NAVA-NL 1.5 0 n/a variable 0 
59 NAVA-NL 2.0 0 n/a variable 0 
60 NAVA-NL 0.5 0 n/a variable 3 
61 NAVA-NL 1.0 0 n/a variable 3 
62 NAVA-NL 1.5 0 n/a variable 3 
63 NAVA-NL 2.0 0 n/a variable 3 
64 NAVA-NL 0.5 20 n/a variable 0 
65 NAVA-NL 1.0 20 n/a variable 0 
66 NAVA-NL 1.5 20 n/a variable 0 
67 NAVA-NL 2.0 20 n/a variable 0 
68 NAVA-NL 0.5 20 n/a variable 3 
69 NAVA-NL 1.0 20 n/a variable 3 
70 NAVA-NL 1.5 20 n/a variable 3 
71 NAVA-NL 2.0 20 n/a variable 3 
72 VC 0 Edi 380 ml 0 
73 VC 0 Edi 500 ml 3 
74 VC 20 Edi 500 ml 0 
75 VC 20 Edi 500 ml 3 
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Appendix 2: Results 
This appendix contains results in forms of plots and tables that were submitted during the data 
analysis phase that is described in chapter 3, Method. 

 
 
Figure 2.1.  Plot on measurement 72 with both 
linear and quadratic term for resistance.                                                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             
 
 
Figure 2.2. Plot on measurement 73 with both 
linear and quadratic term for resistance.                                                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Plot on measurement 75 with both 
linear and quadratic term for resistance.                                                       
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Figure 2.4. Plot on measurement 73 
with quadratic term for resistance.                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Plot on measurement 75 
with quadratic term for resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Plot on measurement 72 
with quadratic term for resistance. 
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Figure 2.7. Plot from 
measurement 72, in 
parameters. 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2.8. Plot from 
measurement 73, in parameters. 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 2.9. Plot from 
measurement 75, in parameters. 
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Figure 2.10. Plot of how an NME appears from occlusion on measurement 19. 

 
 

 
 
 
 

Table 2.1. Results from NME measurements. Showing different  
values of NME at different settings of PEEP. Mean value is 0,4735.   

 

NME[cmH2O /µV] Test no PEEP[cmH2O] Resistance 

 
0,687825 19 0 0 

 
0,44386 27 0 0 

 
0,26737 28 3 0 

 
0,430085 36 3 0 

 
0,43637 40 6 0 

 
0,43859 41 8 0 

 
0,498955 49 0 20 

 
0,584095 50 3 0 

 

											𝑁𝑀𝐸: 0,4735 
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Table 2.2. Grey-Box Model Estimation on the same setup, showing parameters. Values inside 
parenthesis is the standard deviation. 

Measurement/target Elastance 
[cmH2O/ml] 

Resistance NME  
[cmH2O /µV] 

alfa Inertia 

5uV, R0 0,012(0,002) 0,0038 (0,0005) 0,4975 (0,0041) 0,0018 (0,00073) 1,11 (0,185) 
10uV, R0 0,019 (0,002) 0,0057 (0,0007) 0,4954 (0,0058) 0,0023 (0,00061) 1,18 (0,256) 
20uV, R0 0,008 (0,001) 0,0037 (0,0002) 0,5042 (0,0016) 0,0002 (0,00007) 0,69 (0,115) 
20uV hold, R0 0,011 (0,001) 0,0068 (0,0003) 0,4254 (0,0086) 0,00002 (0,00007) 2,35 (0,156) 
TV 400ml 0,018 (0,001) 0,0080 (0,0006) 0,4899 (0,0049) 0,0015 (0,00036) 1,35 (0,180) 
TV 600ml 0,011 (0,001) 0,0046 (0,0002) 0,4971 (0,0026) 0,00006 (0,00013) 1,13 (0,112) 
TV 800ml 0,014 (0,001) 0,0049 (0,0003) 0,4841 (0,0047) 0,0004 (0,00015) 1,51 (0,150) 
TV 1000ml 0,010 (0,001) 0,0033 (0,0001) 0,4761 (0,0042) 0,0002 (0,00005) 1,68 (0,120) 
5uV, R20 0,029 (0,010) 0,0193 (0,0065) 0,4629 (0,0210) 0,0145 (0,00745) 1,88 (0,512) 
10uV, R20 0,023 (0,003) 0,0128 (0,0011) 0,4704 (0,0099) 0,0042 (0,00107) 1,78 (0,261) 
20uV, R20 0,016 (0,002) 0,0107 (0,0011) 0,4521 (0,0148) 0,0008 (0,00028) 2,05 (0,327) 
5uV, R0, NAVA-NL 0 0,089 (0,032) 0,0135 (0,0051) 0,4103 (0,0364) 0,0641 (0,03145) 2,30 (0,558) 
10uV, R0, NAVA-NL 0 0,017 (0,001) 0,0044 (0,0003) 0,4740 (0,0046) 0,0021 (0,00037) 1,71 (0,127) 
15uV, R0, NAVA-NL 0 0,012 (0,001) 0,0056 (0,0005) 0,4808 (0,0058) 0,0003 (0,00021) 1,58 (0,177) 
20uV, R0, NAVA-NL 0 0,018 (0,001) 0,0070 (0,0003) 0,4152 (0,0063) 0,0013 (0,00017) 2,44 (0,107) 
30uV, R0, NAVA-NL 0 0,009 (0,002) 0,0048 (0,0009) 0,5015 (0,0090) 0,0002 (0,00019) 0,92 (0,490) 
10uV, PEEP 3, NAVA-NL 0 0,011 (0,001) 0,0047 (0,0003) 0,4929 (0,0028) 0,0008 (0,00028) 1,27 (0,109) 
15uV, PEEP 3, NAVA-NL 0 0,019 (0,003) 0,0090 (0,0011) 0,4799 (0,0105) 0,0021 (0,00061) 1,60 (0,314) 
20uV, PEEP 3, NAVA-NL 0 0,034 (0,004) 0,0090 (0,0010) 0,4499 (0,0153) 0,0036 (0,00078) 2,06 (0,333) 
30uV, PEEP 3, NAVA-NL 0 0,008 (0,001) 0,0034 (0,0005) 0,5045 (0,0043) 0,0001 (0,00014) 0,65 (0,336) 
20uV, PEEP 6, NAVA-NL 0 0,049 (0,006) 0,0143 (0,0016) 0,4698 (0,0108) 0,0084 (0,00142) 1,72 (0,300) 
30uV, PEEP 6, NAVA-NL 0 0,018 (0,002) 0,0074 (0,0007) 0,4592 (0,0106) 0,0008 (0,00026) 1,95 (0,248) 
20uV, PEEP 8, NAVA-NL 0 0,026 (0,003) 0,0088 (0,0010) 0,4921 (0,0065) 0,0036 (0,00083) 1,27 (0,253) 
30uV, PEEP 8, NAVA-NL 0 0,025 (0,002) 0,0059 (0,0004) 0,4391 (0,0081) 0,0016 (0,00031) 2,20 (0,161) 
10uV, R20, NAVA-NL 0 0,024 (0,009) 0,0198 (0,0079) 0,4609 (0,0261) 0,0072 (0,00454) 1,92 (0,622) 
20uV, R20, NAVA-NL 0 0,022 (0,002) 0,0097 (0,0008) 0,3372 (0,0123) 0,0024 (0,00057) 2,89 (0,144) 
30uV, R20, NAVA-NL 0 0,016 (0,001) 0,0068 (0,0006) 0,2822 (0,0153) 0,0009 (0,00032) 3,02 (0,142) 
10uV, R20, PEEP 3, NAVA-NL 
0 

0,033 (0,010) 0,0163 (0,0050) 0,4090 (0,0312) 0,0055 (0,00325) 2,47 (0,524) 

20uV, R20, PEEP 3, NAVA-NL 
0 

0,042 (0,005) 0,0119 (0,0013) 0,3439 (0,0177) 0,0069 (0,00137) 2,84 (0,215) 

30uV, R20, PEEP 3, NAVA-NL 
0 

0,028 (0,003) 0,0096 (0,0012) 0,3086 (0,01945) 0,0031 (0,00083) 2,98 (0,202) 
 

Mean values 0,022 0,008 0,45 0,005 1,82 

 
Table 2.3. Grey-Box Model Estimation values on different setups. 

 

 nr breaths mean error median std max min 

20uV,R0,variable slow 24 27,32 22,87 17,78 79,72 2,018 
20uV,R0,variable fast 11 171,2 175,3 63,03 284,6 84,23 
20uV,R0,NAVA-NL 0, variable fast 11 158,4 201,2 99,37 259,7 3,979 
10uV,R0, NAVA-NL 0, variable fast 11 133,3 151,7 78,67 217,9 9,207 
20uV,R0,NAVA-NL 0, variable slow 16 34,93 17,48 34,15 102 1,456 
20uV,R0,NAVA-NL 0 18 64,02 59,54 13,8 86,04 38,88 
20uV,R20,NAVA-NL 0, variable 8 27,45 17,09 27,29 85,08 7,128 
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Table 2.4. Estimation error in volume from Grey-Box Model Estimation. 
Measurement nr 

breaths 
Mean 

error % 
median std max min 

5uV, R0 10 17,24 16,15 11,11 41,07 2,52 
10 uV, R0 21 14,97 12,62 11,17 46,8 3,15 
20 uV, R0 28 8,742 7,825 7,474 31,52 0,09 
TV 400ml 11 9,133 5,206 8,941 27,53 0,03 
TV 600ml 21 14,78 15,19 9,419 33,76 2,08 
TV 800ml 19 14,41 8,506 11,86 45,38 2,2 
TV 1000ml 18 13,83 12,76 7,945 28,91 2,56 
10 uV, R0, NAVA-NL 0 16 9,399 9,421 6,776 19,16 0,29 
15 uV, R0, NAVA-NL 0 15 12,53 8,667 9,995 36,32 1,12 
20 uV, R0, NAVA-NL 0 18 7,494 5,858 6,91 19,77 0,37 
10 uV, PEEP 3, NAVA-NL 0 19 13,52 12,81 9,011 33,05 1,43 
15 uV, PEEP 3, NAVA-NL 0 14 18,55 18,41 11,89 41,01 4,05 
20 uV, PEEP 3, NAVA-NL 0 17 12,67 8,986 9,451 29,85 0,02 
20 uV, PEEP 6, NAVA-NL 0 19 13,542 11,74 7,209 28,08 1,91 
30 uV, PEEP 6, NAVA-NL 0 12 14,76 13,63 7,708 34,33 2,45 
20 uV, PEEP 8, NAVA-NL 0 12 16,24 15,68 9,508 28,57 2,65 
30 uV, PEEP 8, NAVA-NL 0 11 9,136 7,187 7,289 23,63 0,32 
10 uV, R20, NAVA-NL 0 15 25,95 14,35 28,56 100 0,27 
20 uV, R20, NAVA-NL 0 13 9,025 7,125 6,747 23,11 0,87 
20 uV, R20, PEEP 3, NAVA-NL 0 12 10,69 10,83 7,403 21,3 0,2 
Mean values 16,05 13,33 14,15 9,82 34,66 1,43 

 Table 2.5. Estimation error in volume from NVE calculations. 
Measurement nr 

breaths 
Mean 

error % 
median std max min 

5uV, R0 10 18,69 16,55 15,56 50,96 0,192 
10 uV, R0 21 12,29 9,156 12,34 45,72 0,358 
20 uV, R0 28 16,13 15,47 9,916 38,07 2,38 
TV 400ml 11 10,09 6,186 8,908 24,26 0,166 
TV 600ml 21 12,56 9,928 7,404 30,77 2,026 
TV 800ml 19 11,12 10,55 5,651 22,2 0,549 
TV 1000ml 18 12,19 9,996 9,664 37,91 0,727 
10 uV, R0, NAVA-NL 0 16 13,47 10,24 11,41 47,87 1,678 
15 uV, R0, NAVA-NL 0 15 12,15 10,47 9,223 28,9 0,915 
20 uV, R0, NAVA-NL 0 18 10,31 9,372 6,724 26,95 0,365 
10 uV, PEEP 3, NAVA-NL 0 19 14,23 10,08 12,69 43,39 0,684 
15 uV, PEEP 3, NAVA-NL 0 14 14,71 12,13 9,253 35,347 5,129 
20 uV, PEEP 3, NAVA-NL 0 17 13,81 14,03 9,23 27,25 0,654 
20 uV, PEEP 6, NAVA-NL 0 19 14,67 12,75 10,88 35,17 1,136 
30 uV, PEEP 6, NAVA-NL 0 12 13,22 11,08 13,23 43,84 0,326 
20 uV, PEEP 8, NAVA-NL 0 12 17,08 16,73 13,31 44,94 3,382 
30 uV, PEEP 8, NAVA-NL 0 11 10 10,43 6,859 22,55 1,366 
10 uV, R20, NAVA-NL 0 15 19,53 9,633 19,99 62,77 0,618 
20 uV, R20, NAVA-NL 0 13 10,67 9,15 6,904 27,34 4,189 
20 uV, R20, PEEP 3, NAVA-NL 0 12 7,993 6,813 3,605 13,58 3,826 
Mean values 16,26 13,52 11,26 10,48 36,64 1,41 
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Figure 2.11. Plot on measurement 1, filtered volume estimated with Grey-Box Model 

Estimation. 
 

Figure 2.12. Plot on measurement 1, raw volume estimated with Grey-Box Model Estimation. 
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Figure 2.13. Plot from measurement 3, estimated with Grey-Box Model Estimation. 
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Figure 2.14. Plot from measurement 45, estimated with Grey-Box Model Estimation. 

Figure 2.15. Plot from measurement 5, estimated with Grey-Box Model Estimation. 
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Figure 2.16. Plot from measurement 37, estimated with Grey-Box Model Estimation. 

 

Figure 2.17. Plot of Edi vs Flow, based on 28 breaths from measurement 5 and 23. 
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