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Abstract 
 
Introduction 

The Cellular Oxygen METabolism (COMET) monitor measures mitochondrial oxygen tension (mitoPO2) in 
vivo at the bedside with delayed fluorescence of mitochondrial protoporphyrin (PpIX). Blocking 
microcirculatory oxygen supply by pressing the measurement probe on the skin allows the measurement of 
mitochondrial oxygen consumption (mitoVO2). Combining the static mitochondrial parameter (i.e. mitoPO2) 
and the dynamic mitochondrial parameter (i.e. mitoVO2) can provide useful information about different 
aspects of the mitochondrial function in sepsis. However, it is not yet known how these mitochondrial 
parameters relate to the traditional systemic hemodynamic parameters, such as lactate and central venous 
oxygen saturation (ScvO2). The first aim of this study is to develop an analysis method to derive a measure for 
oxygen consumption. The second aim of this study is to investigate the association between the 
macrocirculation and the mitochondrial oxygenation, in particular mitoPO2 and mitoVO2, and to investigate 
the association between these two mitochondrial parameters in critically ill patients with sepsis. 

Methods 

We performed a prospective observational study in critically ill patients with suspicion of sepsis who were 
admitted to the Intensive Care Unit of the Leiden Medical University Center. A patch containing 5-
aminolevulinic (ALA) was placed on the anterior chest wall of the patient to induce PpIX in the mitochondria. 
MitoPO2 was measured by the oxygen-dependent fluorescence of mitochondrial PpIX. MitoVO2 was 
determined by a dynamic mitoPO2 measurement (taking up a series of mitoPO2 samples) while blocking the 
microcirculatory oxygen supply by applying pressure with the measurement probe of the COMET monitor. 
MitoPO2 samples and blood samples were collected at the same predefined time points. A sigmoid function 
was used to fit the raw mitoPO2 signal of the dynamic mitoPO2 measurements. A mixed linear model was 
used to study the association between the macrocirculation and the mitochondrial oxygenation and the 
association between the mitochondrial oxygenation and oxygen consumption. For this second model, we 
divided the mitoPO2 levels into a low, medium and high mitoPO2 group. 

 
Results  

A total of 202 mitoPO2 measurements were performed in 41 critically ill patients with sepsis. However, due to 
poor signal quality or insufficient fit performance, 29 (14%) dynamic mitoPO2 measurements of different 
patients were excluded for further analysis. The results of this study showed that higher mitoPO2 levels were 
significantly associated with lower lactate levels (β = -0.002744, p = 0.023). Moreover, mitoPO2 levels of the 
low mitoPO2  group were significantly associated with higher mitoVO2 rates (β = 0.103822, p < 0.001). 
Interestingly, mitoVO2 could not be induced in 31 (15%) dynamic mitoPO2 measurements.  

 

Conclusion 

These results show that mitoPO2 levels are associated with lactate levels in critically ill patients with sepsis. 
Mitochondria with low oxygen levels are in stress and will switch to anaerobic metabolism leading to lactate 
production. Moreover, these mitochondria have no reserves and will directly suffer from the acute cessation 
of the oxygen supply because these mitochondria consume the present oxygen faster compared to the 
mitochondria with higher mitoPO2 levels.  

 
 

Keywords: sepsis, mitochondria, mitochondrial oxygen tension, mitochondrial oxygen consumption, COMET 

 

 
 
 

  



 

 
5 

Introduction 
 
Resuscitating critically ill septic patients remains a challenge in intensive care medicine. Safeguarding an 
adequate oxygen transport to organs and tissues by administration of fluids, blood transfusion, vasoactive 
and inotropic medication is the primary goal of current resuscitation procedures. These procedures are aimed 
at the correction of systemic hemodynamic parameters, such as blood pressure, cardiac output, lactate and 
central venous oxygen saturation (ScvO2). It is expected that normalization of the macrocirculation will result 
in a parallel improvement of the microcirculatory perfusion and optimized oxygen supply to parenchymal cells 
to establish aerobic metabolism (1). The condition in which this parallel improvement is in place is called 
hemodynamic coherence (1). 
 
However, loss of hemodynamic coherence is frequently present in septic patients in whom the 
microcirculation fails to transport oxygen to the parenchymal cells despite successful macrocirculatory 
resuscitation (2-6). The microcirculation can be assessed by bedside tools that allow direct visualization of the 
microcirculation under the patient’s tongue (7-8). Pathological heterogeneity of microcirculatory perfusion 
leading to functional shunting can cause a reduced capacity of the tissues to extract oxygen and thus cellular 
hypoxia (1,6). However, these microcirculatory alterations are not the only cause of this defect in oxygen 
extraction since normalization of both the macro- and microcirculation does not always lead to clinical 
improvement (9-11). This suggests that other mechanisms, such as mitochondrial dysfunction, also might 
play a role in the pathogenesis of cellular and tissue hypoxia in sepsis (12-14). However, the literature about 
the role of mitochondrial dysfunction in sepsis is controversial (15). Information about the mitochondrial 
function is useful for monitoring the effectiveness of therapies in optimizing oxygen transport to organs and 
tissues.  
 
To further unravel the mitochondrial dysfunction in sepsis and to better understand the complex relationship 
between the macrocirculation, microcirculation and cellular oxygenation in sepsis, we need a tool that allows 
us to look beyond the microcirculation into the parenchymal cells, monitoring aspects of mitochondrial 
function. However, the possibilities for monitoring mitochondrial function in critically ill patients with sepsis 
are limited since only ex vivo techniques are available. Measurements in suspensions of isolated cells or 
isolated mitochondria might not adequately reflect the in vivo situation of the mitochondrial function in a 
critically ill septic patient (16). 
 
The protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) provides new opportunities to monitor the 
mitochondrial function in vivo non-invasively (17). This technique enables measurements of the mitochondrial 
oxygen tension (mitoPO2) by means of the delayed fluorescence of PpIX, the final precursor of the heme 
biosynthesis pathway in mitochondria. PpIX-TSLT is the first technique that can measure mitoPO2 in living 
cells and in vivo in animals (17-20). Further development of this technique currently allows mitoPO2 
measurement in the human skin at the bedside (20-22). In addition to mitoPO2, it is also technically possible 
to gain information about mitochondrial oxygen consumption (mitoVO2), which can be determined by 
dynamic mitoPO2 measurements while blocking the local microcirculatory blood flow (23). This mitochondrial 
parameter, besides mitoPO2,may provide new insight into mitochondrial oxygen metabolism.  
 
The application of the PpIX-TLST in the clinical setting has been enabled by the development of the Cellular 
Oxygen METabolism (COMET) monitor (24). So far, the feasibility of the COMET monitor has successfully 
been tested in healthy volunteers (25-26) and critically ill patients with sepsis (27). The COMET monitor is able 
to provide insight into the oxygen balance, i.e. the balance between oxygen supply and oxygen consumption, 
at the mitochondrial level. Hence, the COMET monitor provides important information about different 
aspects of the mitochondrial function in sepsis. However, it is not yet known how the mitochondrial 
parameters (mitoPO2 and mitoVO2) relate to the traditional systemic hemodynamic parameters. The first aim 
of this study is to develop an analysis method to derive a measure for oxygen consumption from dynamic 
mitoPO2 measurements. The second aim of this study is to investigate the association between the 
macrocirculation and the mitochondrial oxygenation, in particular mitoPO2 and mitoVO2, and to investigate 
the association between these two mitochondrial parameters in critically ill patients with sepsis. 
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Methods 
 

Principle of mitoPO2 measurements  
 

The principle of the PpIX-TSLT has been described in detail elsewhere (17-18, 28). In short, PpIX-TSLT uses 
the oxygen-dependent optical properties of the PpIX protein to measure mitoPO2. PpIX is synthesized in the 
mitochondria as the final precursor of heme (29). Topical administration of 5-aminolevulinic acid (ALA), the 
precursor of PpIX, by a specific ALA patch enhances the PpIX concentration inside the mitochondria because 
the incorporation of iron in the PpIX molecule is a rate-limiting step in the heme biosynthetic pathway (Figure 
1).  
 

 
Figure 1: The pathway by which topical ALA administration enhances mitochondrial PpIX because the conversion of PpIX 
to heme is a rate-limiting step. 
ALA 5-aminolevulinic acid, CPIII coproporphyrinogen III, PBG porphobilinogen, PO2 oxygen tension, PpIX protoporphyrin IX, 
UPIII uroporphyrinogen III 
Reprinted from: Harms et.al. (45).  
 

When PpIX is excited by an excitation pulse with green light, PpIX turns into its excited triplet state (T1). PpIX 
can directly relax to its ground state (S0) by spontaneous relaxation through emission of red delayed 
fluorescence (Figure 2). However, relaxation to S0 can also occur by collision with a triplet state molecule such 
as oxygen. During a collision, the oxygen molecule absorbs the energy from PpIX resulting in relaxation of 
PpIX without light emission (Figure 2). This process is called “triplet-state quenching”.  
 

 
Figure 2: Principle of the protoporphyrin IX(PpIX)-triplet state lifetime technique. After an excitation pulse with green 
light, PpIX possesses an excited triplet and causes the emission of red delayed fluorescence. However, the excited triplet 
state reacts strongly with oxygen. Collision with an oxygen molecule is called triplet-state quenching. Triplet-state 
quenching results in the relaxation of PpIX without light emission.  
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Quenching of the triplet state is a process that makes the PpIX-TLST dependent on the collision frequency. 
The collision frequency is determined by the chance that a single oxygen molecule causes a quenching event 
(kq) and the oxygen concentration in the mitochondria. Triplet-state quenching results in the relaxation of 
PpIX without light emission and therefore will shorten the delayed fluorescence lifetime (Figure 3). 
 

The delayed fluorescence lifetime is related to mitoPO2 according to the Stern-Volmer equation: 
 

𝑚𝑖𝑡𝑜𝑃𝑂2 =

1
𝜏

−
1

𝜏0
 

𝑘𝑞
 

 
in which τ is the measured delayed fluorescence lifetime, τ0 is the measured delayed fluorescence lifetime in 
the absence of oxygen and kq is the quenching constant (the chance that a single oxygen molecule causes a 
quenching event).  

 
Figure 3: Protoporphyrin IX (PpIX) emits red delayed fluorescence after excitation by a pulse of green light. The delayed 
fluorescence lifetime depends on the oxygen concentration in the mitochondria. High oxygen concentration will increase 
the collision frequency. Collisions of PpIX with oxygen will shorten the delayed fluorescence lifetime.  
 

The COMET monitor enables physicians to measure mitoPO2 at the bedside using the PpIX-TLST (24). This 
monitor uses a measurement probe with a green light pulse laser to excite the accumulated PpIX in the 
mitochondria. The red delayed fluorescent signal is detected by a photomultiplier tube. For analysis of each 
red delayed fluorescence signal, the COMET monitor uses the Stern-Volmer equation to automatically 
calculate the mitoPO2 in the measurement volume under the probe. The COMET monitor also automatically 
calculates the corresponding signal-to-noise ratio (SNR) value for each mitoPO2 sample. A higher SNR 
corresponds to a stronger red delayed fluorescence signal and a more sensitive mitoPO2 measurement. SNR 
is calculated and defined as the ratio of maximum amplitude of the red delayed fluorescence signal to the 
maximum amplitude of the noise signal (18). The COMET monitor operates reliably at SNR ≥ 5 (24). 
Therefore, we chose to define an SNR of 5 as the minimum required signal quality for a feasible mitoPO2 
measurement.  
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Principle of mitoVO2 measurements  
 

MitoVO2 is measured by means of the mitochondrial oxygen disappearance rate (ODR) after local occlusion of 
the microcirculation (Figure 4) (23). This local occlusion was obtained by application of pressure with the 
measurement probe of the COMET monitor on the skin. This procedure created the possibility to measure the 
decrease in mitoPO2 over time, due to blockade of the microcirculatory oxygen supply and ongoing 
cellular/mitochondrial oxygen consumption. MitoVO2 can be calculated from the descending part (e.g. the 
mitochondrial oxygen consumption phase) of the raw mitoPO2 signal (Figure 4).  

 
Figure 4: Description of a dynamic mitoPO2 measurement to obtain the baseline mitochondrial oxygen tension 
(mitoPO2_baseline) and mitochondrial oxygen consumption (mitoVO2). A dynamic mitoPO2 measurement is a series of up to 
120 mitoPO2 samples acquired at 1 Hz. In the first 10 seconds, a mitoPO2 baseline was measured. Subsequently, pressure 
was applied on the measurement probe for approximately 30-45 seconds to stop the microcirculatory blood flow in the 
measurement volume under the probe to evaluate the mitoVO2. Finally, the pressure was released to restore the 
microcirculatory blood flow and mitochondrial reoxygenation.  

 

Study population 
 

The study population consisted of critically ill patients with (the suspicion of) sepsis who were admitted via 
the emergency department (ED) or hospital ward to the Intensive Care Unit (ICU) of Leiden University 
Medical Centre (LUMC). Sepsis was defined as ‘a life-threatening organ dysfunction caused by a dysregulated 
host response to an infection’ (16). Septic patients were identified as specified in the protocol of sepsis 
identification and management in the emergency department, consisting of having clinical suspicion of sepsis 
in combination with at least two the following symptoms: (1) ≥ 20 breaths per minute, (2) heart frequency > 
90 beats per minute, (3) leukocytes > 12*109 or leukocytes < 4*109, and/or (4) temperature > 38 °C or < 36 °C 
(30). Patients were required to be at least 18 years old, to provide direct or deferred informed consent and to 
have an arterial catheter in situ, since arterial blood samples were taken regularly for the study. Informed 
consent was sought in the ED or the hospital ward when it was known that a patient with sepsis was going to 
be admitted to the ICU. If the patient was too ill to comprehend the informed consent, it was sought from his 
or her legal representative. However, if the patient or legal representative could not have been reached in 
time for written informed consent, while the patient met the eligibility criteria, the patient was included with 
a deferred consent procedure. Informed consent was sought within 48 hours after the inclusion of the patient.  
 
Patients with sepsis discharged after ED visit or admitted to a hospital ward other than the ICU after ED visit 
were excluded from the study. Other exclusion criteria were: porphyria and/or photo dermatosis since the risk 
of phototoxicity, hypersensitivity to the contents of the ALA patch, pregnant or breastfeeding women since 
there is no data from the use of the ALA patch in this population and insufficient comprehensibility of the 
Dutch language.  
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Experimental set-up 
 

Experimental preparation 
 

Reliable measurements can only take place with suitable PpIX concentrations inside the mitochondria. 
Therefore, at least four hours before the first measurement, a self-adhesive patch containing ALA was placed 
on the anterior chest wall (next to the sternum) for the induction of PpIX. Present hair was shaved and the 
skin was rubbed with alcohol to remove the first layers of the stratum corneum to enhance ALA penetration. 
After ALA patch placement, the outline of the ALA patch was marked and a skin pad was placed over the ALA 
patch to protect the skin from ambient light to create reliable measurements.  
 
While waiting for the induction of PpIX after placement of the ALA patch, demographic and clinical 
information about the patient was gathered. Gender, age, sepsis source and Acute Physiology and Chronic 
Health Evaluation (APACHE) IV score were obtained from the hospital’s electronic patient dossier system. 
Four hours after PpIX induction, the ALA patch was temporarily removed and mitoPO2 was measured by 
placing the measurement probe of the COMET monitor on the marked part on the skin where PpIX was 
induced.  
 
The COMET monitor provides two different measurement types, namely a single mitoPO2 measurement and 
a dynamic mitoPO2 measurement. During a single mitoPO2 measurement, the measurement probe of the 
COMET monitor makes light contact with the skin and one mitoPO2 sample is measured for each excited 
green light pulse. No pressure is applied during a single mitoPO2 measurement. The COMET monitor can also 
provide mitoPO2 measurements in a dynamic situation by taking a series of up to 120 mitoPO2 samples 
acquired at 1 Hz. During this dynamic mitoPO2 measurement pressure can be applied on the measurement 
probe to determine mitoVO2. 

 
When starting the COMET monitor, the laser must be warmed up so that the laser has sufficient excitation 
power. After placing the measurement probe on the skin, calibration measurements were performed to 
ensure the quality of the subsequent dynamic mitoPO2 measurements. Thereafter, five single mitoPO2 
measurements were performed in the first minute to establish a reliable and stable mitoPO2 measurement. 
These calibration measurements were followed by the first dynamic mitoPO2 measurement (Figure 4). 
During this dynamic mitoPO2 measurement, a baseline mitoPO2 was measured for 10 seconds in an 
undisturbed situation. Subsequently, pressure was applied on the measurement probe for about 30-45 
seconds to stop microcirculatory blood flow in the marked part of the skin. After this period, the pressure was 
released to restore the microcirculatory blood flow and mitochondrial reoxygenation. Room lights were 
turned off during all the measurements to minimize the effect on ambient light. Directly after the dynamic 
mitoPO2 measurement, the ALA patch was replaced on the marked part of the skin to protect the skin against 
phototoxicity and to keep mitochondrial PpIX at suitable concentrations.  

 

Dynamic mitoPO2 measurements were performed at predefined time points. After the first dynamic mitoPO2 
measurement (= T0), dynamic mitoPO2 measurements were repeated every two hours (= T1a-z) until 6 PM (= 
T2). Between 6 PM and 12 AM, dynamic mitoPO2 measurements were performed at 8 PM (= T3), 10 PM (= T4) 
and midnight (= T5). The last dynamic mitoPO2 measurement was performed 24 hours after the first dynamic 
mitoPO2 measurement (= T6). The COMET monitor was not turned off between the measuring moments on 
the same day and therefore the calibration measurements do not have to be performed before each dynamic 
mitoPO2 measurement, only before the first dynamic mitoPO2 measurement of that day.  
 
The dynamic mitoPO2 measurements of each predefined time point were stored in separate datasets. The 
SNR for each mitoPO2 sample was also documented in these datasets. An overview of the mitoPO2 
measurements during the study is given in Figure 5.  
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Figure 5: An overview of the mitochondrial oxygen tension (mitoPO2) measurements during the study. A 5-aminolevulinic 
acid (ALA) patch was placed on the chest wall for induction of Protoporphyrin IX (PpIX), for at least four hours before the 
first measurement can take place. After placing the measurement probe for the first time that day, five single calibration 
mitoPO2 measurements were made to ensure the quality of the subsequent dynamic mitoPO2 measurements. After these 
calibration measurements, a series of mitoPO2 samples was measured during a dynamic mitoPO2 measurement. During 
this dynamic mitoPO2 measurement, pressure was applied on the measurement probe to stop microcirculatory blood 
flow. After the dynamic mitoPO2 measurement, the ALA patch was replaced on the marked part of the skin.  
 

In addition to the mitoPO2 measurements, blood samples were taken at the same predefined timepoints. 
Lactate and ScvO2 (if applicable) were collected through an arterial catheter and a central venous catheter. In 
the LUMC, it is standard clinical practice that patients receive an arterial catheter when they are admitted to 
the ICU. In contrast, a central venous catheter is only placed when indicated. If a central venous catheter was 
not present in the patient, no ScvO2 samples were collected.  
 

Data analysis 
 

A self-developed MATLAB (MATLAB and Statistics Toolbox 2019a, The MathWorks) script was used for data 
preparation and calculation of the mitochondrial parameters (APPENDIX I). This MATLAB script is the final 
result of an interim analysis focusing on different analysis methods to derive a measure for mitoVO2 from a 
dynamic mitoPO2 measurement (APPENDIX II). This MATLAB script calculates the baseline mitochondrial 
oxygen tension (mitoPO2_baseline) and the maximum oxygen consumption (mitoVO2_max) of a dynamic mitoPO2 
measurement (Figure 4).  
 
Data preparation 
 

Since the COMET monitor operates reliably at SNR ≥ 5, only mitoPO2 samples with an SNR ≥ 5 were analyzed. 
Therefore, one, two or three consecutive mitoPO2 samples of a dynamic mitoPO2 measurement with an SNR 
< 5 were interpolated. If more than three consecutive mitoPO2 samples of a dynamic mitoPO2 measurement 
had an SNR < 5, the dynamic mitoPO2 measurement was considered as unreliable and was removed from the 
database. 
 
Calculation of the mitochondrial parameters 
 

After data preparation, the raw mitoPO2 signal of each dynamic mitoPO2 measurement was smoothed by a 
Gaussian filter. This Gaussian smoothed mitoPO2 signal and its first derivative were used to estimate the 
initial parameters of two complementary sigmoid functions.  
 
These two functions were used to fit the raw mitoPO2 signal of each dynamic mitoPO2 measurement (25):  
 

𝐾1

1 + 𝑒(−𝐵1∗(𝑥−𝑀1))
+

𝐾2

1 + 𝑒(−𝐵2∗(𝑥−𝑀2))
+ 𝑍 

 

K1 = baseline mitoPO2 level before inhibition of the microcirculation  
K2 = mitoPO2 level after reoxygenation 
B1 = slope modulation for oxygen consumption 
B2 = slope modulation for reoxygenation 
M1 = time of maximum oxygen consumption during inhibition of the microcirculation 
M2 = time of maximum reoxygenation after pressure release  
Z = minimum mitoPO2 level after inhibition of the microcirculation  

 

ALA patch 
placed on 
sternum 

(> 4 hours)

Five single  
calibration 

mitoPO2

measurements

One dynamic 
mitoPO2

measurement (T0)

Protection of the 
skin with the  ALA 

patch until the next 
dynamic mitoPO2

measurement

One dynamic 
mitoPO2

measurement 
(T...)

.....
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If the dynamic mitoPO2 measurement did not contain an ascending part, only a single sigmoid function was 
used to fit the descending part of the raw mitoPO2 signal: 

 
𝐾1

1 + 𝑒(−𝐵1∗(𝑥−𝑀1))
+ 𝑍 

 
K1 = baseline mitoPO2 level before inhibition of the microcirculation  
B1 = slope modulation for oxygen consumption 
M1 = time of maximum oxygen consumption during inhibition of the microcirculation 
Z = minimum mitoPO2 level after inhibition of the microcirculation  

 
After fitting, the fitted curve was optimized by re-estimating the initial parameters of the two complementary 
sigmoid functions. These parameters were re-estimated based on the first derivative of the fitted curve. In 
this way, a second optimized fitted curve was created. If this optimized fitted curve did not adequately detect 
the baseline of the dynamic mitoPO2 measurement, the first part of the optimized fitted curve was manually 
replaced by the first part of the Gaussian smoothed mitoPO2 curve.  
 
MitoPO2_baseline was determined by averaging the first three mitoPO2 samples of the dynamic mitoPO2 
measurement (Figure 6). However, if the variance between these three mitopO2 samples was greater than 
20, it was assumed that the mitoPO2 directly descends at the beginning of the dynamic mitoPO2 
measurement. In that case, the first mitoPO2 sample was selected as mitoPO2_baseline. MitoVO2_max was 
determined via the minimum value of the first derivative of the optimized fitted curve (Figure 6).  
 

 
Figure 6: Illustration of the raw mitochondrial oxygen tension (mitoPO2) signal and the optimized fitted curve to calculate 
maximum oxygen consumption (mitoVO2_max) using the maximum slope of the optimized fitted curve.  

 
For each dynamic mitoPO2 measurement, the performance of the descending part of the optimized fitted 
curve was derived by the root mean square error (RMSE) function. The starting point and endpoint of the 
descending part of the optimized fitted curve were determined by the curvature formula (Figure 7A) (31). This 
formula indicates how fast the optimized fitted curve changes direction at each time point (Figure 7B).   
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Figure 7A      Figure 7B 
Figure 7A: The starting point and endpoint of the descending of the optimized fitted curve. These points were determined 
by the curvature formula.  
Figure 7B: The curvature indicates how fast the optimized fitted curve changes direction at each time point. If the 
curvature is positive then the graph has an upward concavity and if the curvature is negative the graph has a downward 
concavity.  

The RMSE function was defined as the sum of the square of the error between raw mitoPO2 signal (data) and 
the optimized fitted curve (fit) between the starting point and endpoint of the descending part of the 
optimized fitted curve: 
 

𝑅𝑀𝑆𝐸  =
√∑ (𝑓𝑖𝑡 − 𝑑𝑎𝑡𝑎)2𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

𝑁
 

 
where N is the number of mitoPO2 samples between, tstart is the starting point and tend is the endpoint of 
the descending part of the optimized fitted curve. 
 
If the RMSE of the descending part of the optimized fitted curve was greater than five, the performance of the 
optimized fitted curve was visually assessed. If the fit performance was insufficient, the dynamic mitoPO2 
measurement was removed from the database. A more comprehensive overview of the MATLAB script can 
be found in APPENDIX I.  
 

Statistical analysis 
 

Statistical analysis was performed with SPSS Statistics Version 25. Descriptive statics was used to describe 
the characteristics of the study population. Parametric distributed continuous variables were presented as 
mean with standard deviation, and non-parametric continuous variables were presented as median with 
interquartile range. The parametric distribution of the variables was assessed with histograms and normal 
quartile plots. Categorical variables were stated as numbers and percentages. 
 
The database was transformed into a longitudinal database to describe the change of mitoPO2_baseline, 

mitoVO2_max, lactate and ScvO2 over time with graphs. Time was set as a continuous variable and defined as 
the number of hours between the dynamic mitoPO2 measurements at time point ‘x’ and the first dynamic 
mitoPO2 measurement of each patient.  
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This longitudinal database requires a special statistical method since the set of measurements within one 
patient were correlated. Therefore a mixed linear model was used to analyze our longitudinal database. When 
several different models were fitted on the database, the best fitting model was selected by the smallest 
Akaike information error (AIC) (32). The mixed linear model with random intercept per individual patient and 
first-order autoregressive of order 1 (AR1) as covariance type had the smallest AIC error. The AR1 structure 
considers that for each patient the association between two parameters depends on the distance in time 
between two measurements. The linear mixed model was adjusted for confounders: age, gender, sepsis 
source and APACHE score. Covariates (continuous variables), factors (categorical variables) and time were set 
as fixed effects in our mixed linear model. 
 
First, a model was constructed with lactate or ScvO2 as dependent variable and mitoPO2_baseline or mitoVO2_max 
as covariate to assess the association between the macrocirculation and mitochondrial oxygenation in 
critically ill patients with sepsis. A second model was constructed with mitoVO2_max as dependent variable and 
mitoPO2_baseline as covariate to assess the association between the static mitochondrial parameter, i.e. 
mitochondrial oxygenation at baseline, and the dynamic mitochondrial parameter, i.e. oxygen consumption 
during the blockade of microcirculatory oxygen supply (APPENDIX III). For this model, mitoPO2_baseline was 
divided into three equal groups: low mitoPO2_baseline) 0-40 mm Hg, medium mitoPO2_baseline) 41-62.3 mm Hg, 
high low mitoPO2_baseline) > 62.3 mm Hg. Visual binning was used to identify suitable cut-off points to divide 
mitoPO2_baseline into these three equal groups. For all analyses, a p-value of 0.05 was considered as statistically 
significant.  
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Results 
 
Of the 100 screened patients, 42 septic patients were included in the analysis after assessment of eligibility. 
However, after the first dynamic mitoPO2 measurement, one patient was excluded due to an allergic reaction 
to the ALA patch, yielding a total of 41 patients with sepsis. The patient characteristics are summarized in 
Table 1. Patient’s ages ranged from 34 to 82 years (mean = 64.0, standard deviation = 11.4) and most patients 
were male (n = 30, 73.2%). The most common source of sepsis was pulmonary (n = 14, 34.1%). The mean 
APACHE IV score was 73.6 ± 25.5.  
 
Table 1: Characteristics of the patient population 

Characteristics  Overall, n =  41 

Age in years, mean ± SD 64.0 ± 11.4 

Male, absolute number (%) 30 (73.2%) 

Sepsis sources, absolute number (%) 
 
Unknown 
Cutaneous 
Gastrointestinal 
Urinary  
Pulmonary  
Other 

 
 
2 (4.9%) 
3 (7.3%) 
12 (29.3%) 
7 (17.1%) 
14 (34.1%) 
3 (7.3%) 

APACHE score, mean ± SD 73.6 ± 25.5 
APACHE IV score = Acute Physiologic and Chronic Health Evaluation IV score; SD = standard deviation 

 
Primary analysis 
 

A total of 202 PpIX-TLST measurements were performed on the 41 included septic patients. Due to poor 
signal quality at the beginning of dynamic mitoPO2 measurement, it was not possible to calculate the 
mitoPO2_baseline in 7 dynamic mitoPO2 measurements from 5 patients. In addition, due to poor signal quality 
later in the dynamic mitoPO2 measurement, 22 dynamic mitoPO2 measurements of 13 patients were 
excluded for further analysis. Moreover, due to an insufficient fit performance, 7 dynamic mitoPO2 
measurements of 7 patients were excluded for further analysis. ScvO2  samples were collected from 15 
patients. A total overview of all the dynamic mitoPO2 measurements of each patient at each time point can 
be found in APPENDIX IV. The descriptive statistics are summarized in Table 2.  
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Table 2: Descriptive statistics for the aggregated time points 

Aggregated 
time points 

Parameter [Unit] n  Mean ± SD Median (IQR) 

0-3hr mitoPO2_baseline 

mitoVO2_max 

Lactate  
ScvO2 

mm Hg 
[mm Hg/s] 
mmol / L 
% 

79 
64 
72 
21 

52.7 ± 27.7 
2.7 ± 2.7 
2.4 ± 2.0 
77.1 ± 11.2 

52.0 (39.7-63.0) 
2.3 (0.1-3.9) 
1.8 (1.2-2.8) 
80 (73.0-84.0) 

4-7hr mitoPO2_baseline 

mitoVO2_max 

Lactate  
ScvO2 

mm Hg 
[mm Hg/s] 
mmol / L 
% 

53  
49 
50 
14 

48.5 ± 28.7 
3.2 ± 3.4 
2.2 ± 2.0  
77 ± 10.2 

48.0 (23.0-72.0) 
2.5 (0.8-3.9) 
1.6 (1.2-2.3) 
80.5 (73.0-82.5) 

8-11hr mitoPO2_baseline 

mitoVO2_max 

Lactate  
ScvO2 

mm Hg 
[mm Hg/s] 
mmol / L 
% 

26 
24  
26 
8 

44.1 ± 36.1 
2.6 ± 3.0 
2.3 ± 1.8 
78.1 ± 8.2 

39.4 (11.1-69.1) 
1.7 (0.1-3.5) 
1.5 (1.3-2.8) 
80.0 (73.8-84.0) 

12-15hr mitoPO2_baseline 

mitoVO2_max 

Lactate  
ScvO2 

mm Hg 
[mm Hg/s] 
mmol / L 
% 

15 
12 
14 
6 

69.1 ± 41.3 
2.6 ± 1.8 
1.9 ± 1.5 
79.0 ± 5.9  

68.0 (39.0-92.0) 
2.2 (1.6-3.2) 
1.6 (1.2-1.8) 
81.0 (73.5-83.5) 

16-19hr mitoPO2_baseline 

mitoVO2_max 

Lactate  
ScvO2 

mm Hg 
[mm Hg/s] 
mmol / L 
% 

11 
8 
9 
5 

73.5 ± 49.7 
3.5 ± 3.0 
1.6 ± 0.5 
76.8 ± 10.2 

62.3 (39.7-80.7) 
3.7 (0.6-5.8) 
1.6 (1.1-2.1) 
74.0 (67.5-87.5) 

20-24hr mitoPO2_baseline 

mitoVO2_max 

Lactate  
ScvO2 

mm Hg 
[mm Hg/s] 
mmol / L 
% 

15 
15 
11 
4 

58.8 ± 32.6   
5.4 ± 5.1  
2.3 ± 1.7 
79.0 ± 6.4 

62.0 (28.3-80.3) 
3.4 (2.3-6.0) 
1.7 (1.2-2.8) 
81.0 (72.3-83.4) 

IQR = interquartile range; mitoPO2_baseline = baseline mitochondrial oxygen tension; mitoVO2_max = maximum oxygen consumption; SD = 
standard deviation; ScvO2 = central venous oxygen saturation  
 

In 31 of the total 173 dynamic mitoPO2 measurements, no mitoVO2 could be induced (no decrease in mitoPO2 
after applying pressure) (Table 2). In 11 of these dynamic mitoPO2 measurements, the mitoPO2_baseline was 
extremely low (<  10 mm Hg). In the remaining 20 dynamic mitoPO2 measurements, no mitoVO2 could be 
induced despite a mitoPO2_baseline ranging from 10  mm Hg to 101 mm Hg (APPENDIX IV).   
 

Longitudinal analysis 
 

The results of the longitudinal analysis estimating the association between lactate or ScvO2 and the  
mitochondrial parameters are represented in Table 3. When adjusted for confounding variables, a significant 
association was found between mitoPO2_baseline and lactate. Higher mitoPO2_baseline levels were significantly 
associated with lower lactate levels (β = -0.002744, p = 0.023) (Figure 8). For an increase in 1 mm Hg in 
mitoPO2_baseline, there is a decrease of 0.002744 mmol/L in lactate. However, no significant association was 
found between lactate and mitoVO2_max and ScvO2 and the mitochondrial parameters (Table 3). 
 
Table 3: Longitudinal analysis of lactate / ScvO2 and mitochondrial parameters 

Dependent variable Covariate β  95% CI p value 

Lactate mitoPO2_baseline* 
mitoVO2_max* 

-0.002744 
0.007605 

-0.005108 – -0.000381 
-0.016031 – 0.031242 

0.023 
0.525 

ScvO2 mitoPO2_baseline* 
mitoVO2_max* 

-0.020925 
0.021312  

-0.097802 – 0.055953 
-505169 – 0.547793 

0.587 
0.935 

CI = confidence interval; mitoPO2_baseline = baseline mitochondrial oxygen tension; mitoVO2_max = maximum oxygen consumption; ScvO2 = 
central venous oxygen saturation 
*Corrected for age, gender, sepsis source and APACHE score 
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Figure 8: The course of mean lactate and mean baseline mitochondrial oxygen tension (mitoPO2_baseline) over time 
 

Table 4 shows the results of the longitudinal analysis for the association between the mitoPO2_baseline levels of 
the mitoPO2_baseline groups and mitoVO2_max. Higher mitoPO2_baseline levels were significantly associated with 
higher mitoVO2_max in the low mitoPO2_baseline group (β = 0.103822, p < 0.001) (Figure 9). However, no 
significant association was found between mitoVO2_max and mitoPO2_baseline in the other two mitoPO2_baseline 
groups.  
 
Table 4 Longitudinal analysis of mitoPO2_baseline groups  and mitoVO2_max  

Dependent variable Covariate β 95% CI p value 

mitoVO2_max mitoPO2_baseline low * 0.103822 0.050116 – 0.157528 <0.001 

 mitoPO2_baseline medium * -0.042870 -0.175930 – 0.090190 0.518 

 mitoPO2_baseline high * -0.010023  -0.043914 – 0.023867 0.551 
CI = confidence interval; mitoPO2_baseline = baseline mitochondrial oxygen tension; mitoVO2_max = maximum oxygen consumption  
Low = mitoPO2_baseline 0-40 mm Hg 
Medium = mitoPO2_baseline 41-62.3 mm Hg 
High = mitoPO2_baseline >62.3 mm Hg 
*Corrected for age, gender, sepsis source and APACHE score  

 
 

Figure 9: The course of mean maximum oxygen consumption (mitoVO2_max) and mean baseline mitochondrial oxygen 
tension (mitoPO2_baseline) over time for the low mitoPO2_baseline group. 
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Discussion  
 
This study developed an analysis method to derive a measure for oxygen consumption from dynamic 
mitoPO2 measurements. Using this dynamic mitochondrial parameter, we investigated the association 
between the macrocirculation and the mitochondrial oxygenation, in particular mitoPO2 and mitoVO2, and 
the association between these two mitochondrial parameters in critically ill patients with sepsis.The results of 
this study showed that higher mitoPO2_baseline levels were significantly associated with lower lactate levels. 
Despite that mitoVO2 could not be induced during all the dynamic mitoPO2 measurements, mitoPO2 levels of 
the low mitoPO2_baseline group were significantly associated with higher mitoVO2 rates. This suggests that 
mitochondria with low mitoPO2_baseline levels are in stress and switch to anaerobic metabolism. The situation 
will exacerbate when the microcirculatory oxygen supply is temporarily blocked because the mitochondria 
with low mitoPO2_baseline levels consume the present oxygen faster compared to the mitochondria with higher 
mitoPO2_baseline levels. Interestingly, oxygen consumption could not be induced during some dynamic mitoPO2 
measurements despite sufficient oxygen supply. This observation may support the hypothesis that 
mitochondrial dysfunction plays a role in the pathogenesis of sepsis. 

Interpretation 
 

Association between the macrocirculation and mitochondrial oxygenation 
 

The early physiologic response in sepsis is characterized by tissue hypoxia as a consequence of hemodynamic 
perturbations that create an imbalance between systemic oxygen supply and consumption (33-34).  Anaerobic 
metabolism ensues when mitochondrial oxygen consumption is impaired leading to lactate production (35).  
Impaired mitochondrial consumption can be the consequence of a critical level of mitochondrial oxygen 
supply or mitochondrial dysfunction. Lactate is produced at the cellular level and therefore a direct indicator 
of the oxygen balance, the balance between oxygen supply and oxygen consumption. Although the study 
found a significant association between lactate and mitoPO2_baseline, no association was found between lactate 
and mitoVO2_max. This result can be explained by the fact that mitoPO2, like lactate, is a direct indicator of the 
oxygen balance but at mitochondrial the level. MitoPO2 is the resultant of the amount of oxygen diffusing 
into the mitochondria and the amount of oxygen consumed by the mitochondria. In contrast, mitoVO2 only 
reflects the oxygen consumption by the mitochondria. 
 
Compared to lactate, no association was found between ScvO2 and the two mitochondrial parameters. ScvO2 
is the level of oxygen saturation in the blood after transport of oxygen to the cells, measured from the vena 
cava superior. In contrast to lactate, ScvO2 gives only a global indication of the oxygen balance at the cellular 
level, indicating how much oxygen remains after delivery to the cells. A ScvO2 of less than 70% is indicative of 
insufficient oxygen supply and/or increased oxygen consumption (36). However, normalized ScvO2 values 
after resuscitation do not reflect adequate tissue oxygenation by definition since the cells may not be able to 
use the oxygen due to possible microcirculatory or mitochondrial dysfunction (37). ScvO2 and the 
mitochondrial parameters are measured at different levels and their relationship depends on several factors, 
such as the condition of the microcirculation. This may explain that no association was found between ScvO2 
and the mitochondrial parameters.  
 
Association between the mitochondrial oxygenation and oxygen consumption 
 
The current study found that the mitoPO2 levels of the low mitoPO2_baseline group were significantly associated 
with higher mitoVO2 rates. Mitochondria with low oxygen levels are most likely ‘not happy’ and in stress. 
When the microcirculatory oxygen supply was acutely blocked, the situation exacerbated because these 
mitochondria consumed the present oxygen faster leading to even lower oxygen levels in a short time. This 
suggests that the mitochondria with lower mitoPO2_baseline levels are directly affected by the acute cessation 
of the microcirculatory oxygen supply. However, the mitoPO2 levels of the ‘happy’ mitochondria, the medium 
and high mitoPO2_baseline group, were not associated with the mitoVO2 rate. This indicates that these ‘happy’ 
mitochondria have enough reserves and are not directly affected by the acute cessation of the 
microcirculatory oxygen supply.  
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However, one unanticipated finding was that mitoVO2 could not be induced during some dynamic mitoPO2 
measurements. In a part of these dynamic mitoPO2 measurements, the mitoPO2_baseline was very low (< 10 mm 
Hg). These mitochondria initiate cell death through apoptosis in response to the low oxygen levels (38). In the 
other part of these dynamic mitoPO2 measurements without inducible mitoVO2, the mitoPO2_baseline varied 
between 10 mm Hg and 101 mm Hg. These mitochondria are in shutdown and do not respond to the acute 
cessation of the microcirculatory oxygen supply. This finding is also observed in the study of Neu et.al. which 
tested the feasibility of the COMET measurements in critically ill patients with sepsis (27). They excluded the 
dynamic mitoPO2 measurements without inducible mitoVO2 for further analysis. This may be the reason that 
Neu et.al. calculated higher values for mitoVO2_max  in critically ill septic patients compared to our study (27).  
 
Insufficient oxygen consumption despite sufficient oxygen supply is defined as cytopathic hypoxia (12-14). In 
the classic view, oxygen consumption is unaffected by oxygen levels until mitoPO2 decreases below 2 to 3 mm 
Hg, because oxidative phosphorylation has a high affinity for oxygen (39-42). However, in the modern view, 
oxygen availability at much higher mitoPO2 levels than 2-3 mm Hg directly influences oxygen consumption 
and function by a mechanism called oxygen conformance. Oxygen conformance is a cellular metabolic 
adaption mechanism in which mitochondrial oxygen consumption is downregulated in response to a decline 
in oxygen availability (28, 43). Oxygen conformance can occur over a wide mitoPO2 range starting below 70 
mm Hg (28). Besides oxygen conformance, mitochondrial dysfunction due to direct damage could also 
contribute to cytopathic hypoxia. This mitochondrial dysfunction might be caused by oxygen stress, 
medication and inflammation-induced metabolic changes, which are part of the pathogenesis and treatment 
of sepsis (44). However, if cytopathic hypoxia, either caused by mitochondrial dysfunction or as part of a 
cellular adaption mechanism, exists in the presence of a normalized macro- and microcirculation, this would 
have an impact on the understanding of resuscitation medicine. Findings from animal studies with 
endotoxemic models of acute critical illness provide evidence that this might be the case. Harms et. al. and 
Wefers-Bettink et. al. observed a decreased oxygen consumption in endotoxemic rats after restoring 
mitochondrial oxygenation to baseline levels by fluid resuscitation (45-46). If this is the case, attempts to 
improve clinical outcomes in patients with sepsis by optimizing systemic hemodynamic parameters and 
microcirculatory perfusion are doomed to failure. Instead, the focus should shift to pharmacological drugs to 
the development of pharmacological drugs to restore normal mitochondrial function.  
 

Limitations 
 
Although the COMET monitor is the first clinical device that provides insight into the oxygen balance at the 
mitochondrial level, the used technology has some limitations. After application of the ALA patch, at least 
four hours is needed to synthesize a suitable PpIX concentration in the mitochondria to enable mitoPO2 

measurements. This makes that the COMET monitor is not directly applicable when a patient with sepsis is 
admitted to the ICU. This results in a lack of data for the first four hours which could be relevant for treatment 
decisions. Moreover, the presence of edema in septic patients may affect the COMET measurements, 
because the measurement depth is limited to the epidermis layer (0.3-0.6 mm) since the stratum corneum is a 
barrier for topical ALA skin penetration (47). Lower mitoPO2 values have been measured in more hydrated 
(i.e. with edema) patients with sepsis (27). The study protocol is also subject to certain limitations. First of all, 
multiple dynamic mitoPO2 measurements instead of one dynamic mitoPO2 measurement have to be 
performed at each predefined time point to increase the reliability of the results. Furthermore, future 
dynamic mitoPO2 measurements have to be performed in a strictly standardized way. Adequate detection of 
a mitoPO2 baseline is essential to select the starting point of the oxygen consumption phase. Besides, each 
part of the dynamic mitoPO2 measurement (baseline, pressure, pressure release) must be performed for a 
fixed time to determine reliable mitochondrial parameters. Finally, the generalizability of the results is limited 
by the relatively small number of patients (n = 41) and the single academic center design of the study.   
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Future research 
 

This study poses a first step toward the assessment of mitochondrial oxygenation in critically ill patients with 
sepsis. The results of this study contribute to our understanding of the mitochondrial function and the 
association between the macrocirculation and mitochondrial oxygenation in sepsis. Future studies with larger 
cohorts are needed to determine mitoPO2’s and mitoVO2’s clinical and diagnostic applicability in septic 
patients. Moreover, these future studies may also focus on the ascending part of the dynamic mitoPO2 
measurement to derive a measure for mitochondrial oxygen delivery (mitoDO2). MitoDO2  may be an 
interesting parameter of reoxygenation capacity as a surrogate marker for impaired microcirculation.  
Besides, future studies could assess whether current resuscitation procedures aimed at the optimization of 
the systemic hemodynamic parameters of a patient are actually improving the patient’s microcirculatory and 
mitochondrial function. Therefore, future studies have to include the assessment of microcirculatory function 
by using bedside tools that allow direct visualization of the microcirculation. Furthermore, healthy volunteers 
should be measured to generate normal values for the mitochondrial parameters. The ultimate goal is to 
achieve oxygen hemostasis by current resuscitation procedures and/or additional mitochondrial target drugs 
and thus maintaining the mitochondrial parameters within the normal range. 
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APPENDIX I 

The self-developed MATLAB script used for data preparation and calculation of the mitochondrial parameters 
(Analysis_method.*m) 

 

Step 1: Load data from the Excel file  

 

Step 2: Interpolate mitoPO2 samples with SNR < 5 

Since the COMET monitor operates reliably at SNR ≥ 5, only mitoPO2 samples with an SNR ≥ 5 were analyzed. 
Therefore, one, two or three consecutive mitoPO2 samples of a dynamic mitoPO2 measurement with an SNR 
< 5 were interpolated.  

 
 

 

 

 

 
 

 
  

[MitoPO2, t] = cut_lowSNR(MitoPO2, SNR, t);  
     
function [MitoPO2, t] = cut_lowSNR(MitoPO2, SNR, t) 
for k = 2:length(SNR)-1 
    if SNR(k) < 5 && SNR(k+1) >= 5 
        MitoPO2(k) = round((MitoPO2(k-1) + 
MitoPO2(k+1))/2); 
    end 
    if SNR(k) < 5 && SNR(k+1) < 5 
        MitoPO2(k) = round((MitoPO2(k-1) + 
MitoPO2(k+2))/2); 
        MitoPO2(k+1) = round((MitoPO2(k) + 
MitoPO2(k+2))/2); 
    end 
       if SNR(k) < 5 && SNR(k+1) < 5 && SNR(k+2) < 5 
       MitoPO2(k) = round((MitoPO2(k-1) + 
MitoPO2(k+3))/2); 
       MitoPO2(k+1) = round((MitoPO2(k) + 
MitoPO2(k+3))/2); 
       MitoPO2(k+2) = round((MitoPO2(k+1) + 
MitoPO2(k+3))/2); 
   end 
end 
 

% Plot raw mitoPO2 signal, mitoPO2 signal after 
interpolation and SNR in one figure 
figure(1) 
hold on 
% Threshold line SNR = 5 
yline(5)                  
plot(t,MitoPO2_raw) 
plot(t, MitoPO2) 
plot(t, SNR) 
legend('SNR = 5', 'Raw mitoPO2 signal', 'Raw mitoPO2 
signal after interpolation', 'SNR') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 

 

clear all; close all; clc; 

% Fill in the path of the folder where the datafile is located 
path = 'C:\Users\ … '; 

% Fill in the folder name of the patient folder  
patient = '…';   

% Fill in the name of the Excel file 
timepoint = ['…']; 

% Retrieve mitoPO2, SNR and t from the Excel file 
[MitoPO2, SNR, t] = load_data(patient, timepoint, path);   
 
% Save raw MitoPO2 data 
MitoPO2_raw = MitoPO2; 
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Step 3: Smooth raw mitoPO2 signal by Gaussian filter to estimate the initial parameters of the sigmoid 
function 
Smoothing is a process by which data points are averaged with their neighbours. A Gaussian-weighted 
moving average filter uses a fixed window, consisting of a kernel that represents the shape of a Gaussian 
(normal distribution) curve. This window slices down the length of the raw mitoPO2 signal to compute an 
average over the neighbouring mitoPO2 samples within each window. The window size could be specified by 
the smoothing factor 'x'. For smoothing factor 'x', the moving average window size consists of 100*'x' percent 
of the samples of the input data.  

 

  

% Smooth raw mitoPO2 signal 
smoothedData = 
smoothdata(MitoPO2,'gaussian','SmoothingFactor',0.4); 
 
% Visualize results 
clf 
plot(MitoPO2,'Color',[109 185 
226]/255,'DisplayName','Input data') 
hold on 
plot(smoothedData,'Color',[0 114 
189]/255,'LineWidth',1.5,... 
    'DisplayName','Smoothed data') 
hold off 
legend 
legend('Raw mitoPO2 signal', 'Smoothed MitoPO2 curve') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 
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Step 4: Sigmoid function 

The smoothed mitoPO2 curve and its first derivative were used to estimate the initial parameters of the two 
complementary sigmoid functions. If the dynamic mitoPO2 measurement did not contain an ascending part, 
only a single sigmoid function was used to fit the descending part of the raw mitoPO2 signal. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

% Define values for the initial parameters of the 
sigmoid function  
 
% K1 starting point = mean of the first 5 mitoPO2 
samples of the dynamic mitoPO2 measurement 
K1_int = mean(MitoPO2(1:5));    
% [Lower boundary upper boundary starting point] 
K1 = [1 150 K1_int];     
                         
% K2 starting point = mean of the last 5 mitoPO2 
samples of the dynamic mitoPO2 measurement 
K2_int = mean(MitoPO2((end-5):end));   
K2 = [1 150 K2_int];           

% First derivative of smoothed mitoPO2 curve 
derivative1 = diff(smoothedData);   
 
% B1 starting point = minimum of the first derivative 
of the smoothed mitoPO2 curve 
[B1_int, ind_B1_int] = min(derivative1); 
B1 = [B1_int-10 0 B1_int]; 
 
% M1 starting point = time index of B1                         
M1 = [ind_B1_int-20 ind_B1_int+20 ind_B1_int];   
 
% B2 starting point = maximum  of the first derivative 
of the smoothed mitoPO2 curve 
[B2_int, ind_B2_int] = max(derivative1);   
B2 = [0 10 B2_int]; 
 
% M2 starting point = time index of B2  
M2 = [ind_B2_int-20 ind_B2_int+20 ind_B2_int]; 
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% Z starting point = minimum value of raw MitoPO2 
signal 
Z_int = min(MitoPO2);       
Z = [0 Z_int+5 Z_int]; 
                   
% Define fit function type 
ft = fittype( '(K1./(1+exp(-B1*(x-M1))))+(K2./(1+exp(-
B2*(x-M2))))+Z', 'independent', 'x', 'dependent', 'y' 
); 
% Define fit options (upper/lower boundaries and 
starting  points for parameter estimates) 
fo=fitoptions('gauss2','Lower',[B1(1) B2(1) K1(1) 
K2(1) M1(1) M2(1) Z(1)],'Upper',[B1(2) B2(2) K1(2) 
K2(2) M1(2) M2(2) Z(2)],'StartPoint',[B1(3) B2(3) 
K1(3) K2(3) M1(3) M2(3) Z(3)]); 
 
% Parameter estimation using fit function 
[fitresult, gof] = fit(t, MitoPO2, ft, fo); 
 
% Create sigmoid fit  
fit1 = fitresult(t);  
 
% If the dynamic mitoPO2 measurement did not contain 
an ascending part, only a single sigmoid function was 
used to fit the descending part of the raw mitoPO2 
signal 
% Define fit function type 
ft = fittype( '(K1./(1+exp(-B1*(x-M1))))+Z', 
'independent', 'x', 'dependent', 'y' ); 
% Define fit options (upper/lower boundaries and 
starting points for parameter estimates) 
fo = fitoptions('gauss2','Lower',[B1(1) K1(1) M1(1) 
Z(1)],'Upper',[B1(2) K1(2) M1(2) 
Z(2)],'StartPoint',[B1(3) K1(3) M1(3) Z(3)]); 
% Parameter estimation using fit function 
[fitresult, gof] = fit(t, MitoPO2, ft, fo); 
% Create sigmoid fit  
fit1 = fitresult(t); 

% Plot raw mitoPO2 signal, smoothed MitoPO2 curve and 
fitted curve in one figure 
figure(3); 
hold on;    
plot(t,MitoPO2); 
plot(t,smoothedData); 
plot(t,fit1); 
legend('Raw mitoPO2 signal', 'Smoothed MitoPO2 curve', 
'Fitted curve') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 
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Step 5: Optimization of the sigmoid function 
To optimize the first fitted curve, the initial parameters of the sigmoid function were re-estimated based on 
the first derivative of the first fitted curve creating a second optimized fitted curve.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
  

K1_int = mean(MitoPO2(1:5));                            
K1 = [1 150 K1_int];                                   
 
K2_int = mean(MitoPO2((end-5):end));                    
K2 = [1 150 K2_int]; 
 
% First derivative of fitted curve 
derivative2 = diff(fit1);                   
 
% B11 starting point = minimum of the first derivative 
of the fitted curve              
[B11_int, ind_B11_int] = min(derivative2);               
B11 = [B11_int-10 0 B11_int]; 

% M11 starting point = time index of B11  
M11 = [ind_B11_int-20 ind_B11_int+20 ind_B11_int];       
 
% B22 starting point = maximum of the first derivative 
of the fitted curve              
[B22_int, ind_B22_int] = max(derivative2);               
B22 = [0 10 B22_int]; 
 
% M22 starting point = time index of B22  
M22 = [ind_B22_int-20 ind_B22_int+20 ind_B22_int];       

Z_int = min(MitoPO2);                                   
Z = [0 Z_int+5 Z_int]; 

% Define fit function type 
ft1 = fittype( '(K1./(1+exp(-B11*(x-
M11))))+(K2./(1+exp(-B22*(x-M22))))+Z', 'independent', 
'x', 'dependent', 'y' ); 
% Define fit options (upper/lower boundaries and 
starting points for parameter estimates) 
fo1 = fitoptions('gauss2','Lower',[B11(1) B22(1) K1(1) 
K2(1) M11(1) M22(1) Z(1)],'Upper',[B11(2) B22(2) K1(2) 
K2(2) M11(2) M22(2) Z(2)],'StartPoint',[B11(3) B22(3) 
K1(3) K2(3) M11(3) M22(3) Z(3)]); 
% Parameter estimation using fit function 
[fitresult1, gof1] = fit(t, MitoPO2, ft1, fo1); 
% Create second optimized sigmoid fit 
fit2 = fitresult1(t);  
% If the dynamic mitoPO2 measurement did not contain 
an ascending part, only a single sigmoid function was 
used to fit the descending part of the raw mitoPO2 
signal 
% Define fit function type 
ft1 = fittype( '(K1./(1+exp(-B1*(x-M1))))+Z', 
'independent', 'x', 'dependent', 'y' ); 
% Define fit options (upper/lower boundaries and 
starting points for parameter estimates) 
fo1 = fitoptions('gauss2','Lower',[B11(1) K1(1) M11(1) 
Z(1)],'Upper',[B11(2) K1(2) M11(2) 
Z(2)],'StartPoint',[B11(3) K1(3) M11(3) Z(3)]); 
% Parameter estimation using fit function 
[fitresult1, gof1] = fit(t, MitoPO2, ft1, fo1); 
% Create sigmoid fit  
fit2 = fitresult(t); 
 
% Plot raw MitoPO2, smoothed MitoPO2 curve and 
optimized fitted curve in one figure 
figure(4); 
hold on;    
plot(t, MitoPO2); 
plot(t, smoothedData) 
plot(t,fit2); 
legend('Raw mitoPO2 signal', 'Smoothed MitoPO2 curve', 
'Optimized fitted curve') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 

ax = gca; 
ax.FontSize = 12;  
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Step 6: Baseline correction 
If the optimized fitted curve did not adequately detect the baseline of the dynamic mitoPO2 measurement, 
the first part of the optimized fitted curve was manually replaced by the first part of the Gaussian smoothed 
mitoPO2 curve.   

 
 
 
  

% No adequate detection of the MitoPO2 baseline by the 
optimized fitted curve 
% No adequate detection of the MitoPO2 baseline by the 
optimized fitted curve 
difference = fit2 - smoothedData;    
% Difference samples 1 t/m 30 
difference_select = difference(1:30);         
% Absolute value    
difference_select = abs(difference_select); 
% Sort values and indices of the difference vector      
[values, indices] = sort(difference_select);     
 
% Select index with the smallest difference between 
optimized fitted curve and smoothed mitoPO2 curve 
index = indices(1);   
 
% Part 1: 1 t/m index = smoothed mitoPO2 curve                             
a1 = smoothedData(1:index-1);       
% Part 2: index t/m end = optimized fitted curve              
a2 = fit2(index:length(fit2));  
% Create new vector                  
a = [a1;a2];  
% Smooth first part of the created vector (index + 10) 
a3 = smooth(a(1:index+10));  
% Second part of the created vector  
a4 = a(index+11:length(a));                      
% Result: optimized fitted with adequate baseline 
detection (by smoothed mitoPO2 curve) 
a =[a3;a4];                                      
 
% Adequate detection of the MitoPO2 baseline by the 
optimized fitted curve (CHOOSE HERE) 
a = fit2; 

% Plot raw mitoPO2 signal, smoothed MitoPO2 curve, 
optimized fitted curve without baseline correction and 
optimized fitted curve with baseline correction in one 
figure 
figure(5) 
hold on;    
plot(t,MitoPO2); 
plot(t,fit2); 
plot(t,a); 
legend('Raw mitoPO2 signal', 'Optimized fitted curve 
without baseline correction', 'Optimized fitted curve 
with baseline correction') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 
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Step 7: Find starting point and endpoint of the descending part of the optimized fitted curve 
The starting point and endpoint of the descending part of the optimized fitted curve were determined by the 
curvature formula. This formula indicates how fast the optimized fitted curve changes direction at each time 
point.  
 

 
 
 
 

f1 = gradient(a); 
f2 = gradient(gradient(a)); 
% Positive curvature formula (background information 
is provided at the end of this APPENDIX) 
k1 = f2 ./ (1+f1.^2).^1.5;  
% Negative curvature formula                 
k2 = -1*k1;                                 
     
[pks1, locs1] = findpeaks(k1);   % Findpeaks in k1
               
[pks2, locs2] = findpeaks(k2);    % Findpeaks in k2 
 
% Delete negative peaks in k1  
del1 = find(pks1<0); 
pks1(del1) = []; 
locs1(del1) = []; 
% Delete negative peaks in k2  
del2 = find(pks2<0); 
pks2(del2) = []; 
locs2(del2) = []; 
 
% Plot 3 subplots:  
% 1) Plot raw mitoPO2 signal and optimized fitted 
curve in one plot;  
% 2) Findpeaks k1;  
% 3) Findpeaks k2;  
 
figure(6) 
subplot(3,1,1), plot(t, MitoPO2); 
hold on 
subplot(3,1,1), plot(t, a); 
legend('Raw mitoPO2 signal', 'Optimized fitted curve') 
xlabel('Time (s)'); 
ylabel('MitoPO2 (mm Hg)'); 
set(gca,'Ylim', [0 40], 'YTick', [0:10:40]) 
set(gca,'Xlim', [0 60], 'XTick', [0:10:60]) 
subplot(3,1,2), findpeaks(k1) 
legend('Findpeaks in positive curvature formula') 
xlabel('Time (s)'); 
set(gca,'Xlim', [0 60], 'XTick', [0:10:60]) 
subplot(3,1,3), findpeaks(k2); 
legend('Findpeaks in negative curvature formula') 
xlabel('Time (s)'); 
set(gca,'Xlim', [0 60], 'XTick', [0:10:60]) 
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Endpoint of the descending part of the optimized fitted curve = MitoVO2_end 
 

 
  

% First derivative of the optimized fitted curve 
with(out) baseline correction 
derivative3 = diff(a);  
if length(pks1) == 1                                        
% If k1 contains one peak 
     derivative4 = derivative3(10:end);                     
% Cut first 10 datapoints of the first derivative 
vector to prevent too early endpoint detection 
     X = zeros(1,length(derivative4));                      
% Create vector X with zeros  
     for i = 1:length(derivative4)-1 
        if derivative4(i) < 0 && derivative4(i+1) > 0        
% Find point: negative to positive derivative, give 
this point value 100 in X vector 
        X(i) = 100; 
        XX = find(X==100); 
        MitoVO2_end = XX+10; 
        end 
end 
end 
 
if length(pks1) > 1                                         
% If k1 contains more than one peak 
    distance = locs1(2) - locs1(1);                         
% Distance between the two peaks 
    if pks1(1) > 0.1 && pks1(2) > 0.1 && distance > 7       
% If these two peaks have both a height of 0.1 and the 
distance between these points > 7, MitoVO2_end = peak 
1  
    MitoVO2_end = locs1(1); 
    else   
    derivative4 = derivative3(10:end);                      
% Cut first 10 datapoints of the first derivative 
vector to prevent too early endpoint detection 
    X = zeros(1,length(derivative4));                       
% Create vector X with zeros  
    for i = 1:length(derivative4)-1                         
% Find point: negative to positive derivative, give 
this point value 100 in X vector 
        if derivative4(i) < 0 && derivative4(i+1) > 0 
        X(i) = 100; 
        XX = find(X==100); 
        MitoVO2_end = XX+10; 
        end 
    end 
    end 
end 
 
 
% If the dynamic mitoPO2 measurement did not contain 
an ascending part, mitoVO2_end is manually determined  
MitoVO2_end = length(MitoPO2); 
OR 
MitoVO2_end = locs1(1); 

% Endpoint of the descending part of the optimized 
fitted curve 
t_VO2_end = t(MitoVO2_end);                                   
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Starting point of the descending part of the optimized fitted curve = MitoVO2_start 
 

 
 

 

 
  

% If the first point of the derivative is < -0.25, 
MitoVO2_start = 1 
if derivative3(1) < -0.25 
    MitoVO2_start = 1; 
End 
 
k = 1;  
%If the first point of the derivative is > -0.25 
if derivative3(1) > -0.25 
    k2_VO2 = k2(1:MitoVO2_end);                               
% Select baseline + descending part  
    [pks_des, locs_des] = findpeaks(k2_VO2);                  
% Findpeaks  
    del_des = find(pks_des<0);                                
% Delete negative peaks 
    pks_des(del_des) = []; 
    locs_des(del_des) = []; 
    sorted_VO2 = sort([pks_des, locs_des], 'descend');        
% Sortpeaks  
    sorted_locs_VO2 = sorted_VO2(:,1);                        
% Locations of the peaks  
    sorted_pks_VO2 = sorted_VO2(:,2);                         
% Peak heights  
    MitoVO2_start = sorted_locs_VO2(k);                       
% MitoVO2_start = peak at location k = 1 / 2 / 3 ... 
 
% However, if the peak at k = @@ is wide and < 0.015 / 
< 0.02 in height, select k + 1/2 as MitoVO2_start 
    point = MitoVO2_start;                               
    if (k2(point)-k2(point+1)) < 0.015 
        MitoVO2_start = point+1; 
    end 
    if (k2(point)-k2(point+2)) < 0.02 
        MitoVO2_start = point+2; 
    end 
end 
 
% Starting point of the descending part of the 
optimized fitted curve 
t_VO2_start = t(MitoVO2_start);                                 
 

 

 
 

 

% Plot starting point and endpoint of the descending 
part of the optimized fitted curve 
figure(7) 
hold on 
plot(t,MitoPO2); 
plot(t,a); 
plot(t_VO2_start,a(MitoVO2_start), '*'); 
plot(t_VO2_end,a(MitoVO2_end), '*'); 
legend('Raw mitoPO2 signal', 'Optimized fitted curve') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 
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Step 8: Calculate mitoPO2_baseline, mitoVO2_max and root mean squared error (RMSE) of the descending 
part of the optimized fitted curve 
MitoPO2_baseline was determined by averaging the first three mitoPO2 samples of the dynamic mitoPO2 
measurement. However, if the variance between these three mitopO2 samples was greater than 20, it was 
assumed that the mitoPO2 directly descends at the beginning of the dynamic mitoPO2 measurement. In that 
case, the first mitoPO2 sample was selected as mitoPO2_baseline. MitoVO2_max was determined via the minimum 
value of the first derivative of the optimized fitted curve. 
 

 
 
 
 
 
 
 
  

% MitoVO2_max = the minimum of the first derivative of 
the optimized fitted curve 
[MitoVO2_max, ind_MitoVO2_max] = min(derivative3); 
MitoVO2_max = -1*MitoVO2_max; 
% Index MitoVO2_max 
ind_MitoVO2_max = ind_MitoVO2_max + 1; 
 
% Root mean squared error calculated by the formula: 
sqrt(sum((fit-data).^2)/length(data)) 
[error_descending_part] = 
errorfunction(MitoPO2(MitoVO2_start:MitoVO2_end),a(Mit
oVO2_start:MitoVO2_end)); 
 
% MitoPO2_baseline 
% Create empty vector 
o = [];                                  
% Look at samples 1 t/m 10 
for i = 1:10     
% If SNR of sample i is >=5                         
    if SNR(i) >=5  
% Add MitoPO2(i) to empty vector. Vector o is filled 
with MitoPO2 samples with an  >=5  
        o = [o MitoPO2(i)];              
    end 
end 
 
% Calculate variance of the first three mitoPO2 
samples of vector o 
variance = var(o(1:3));                  
% If variance > 20, mitoPO2_baseline is the first 
MitoPO2 sample of vector o 
if variance > 20                        

MitoPO2_baseline = o(1); 
end 

% If variance < 20, mitoPO2_baseline is the mean of 
the first three mitoPO2 samples of vector o                   
if variance < 20       

    MitoPO2_baseline = mean(o(1:3));      
End 
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Step 9: Plot final figure 
 

 
 

  

figure(8); 
hold on; 
plot(t,MitoPO2); 
plot(t,a); 
plot(t_VO2_start,a(MitoVO2_start), '*'); 
plot(t_VO2_end,a(MitoVO2_end), '*'); 
plot(t(ind_MitoVO2_max), a(ind_MitoVO2_max), '*'); 
 
a = gca;  
a.Position(3) = 0.6; 
annotation('textbox', [0.70, 0.15, 0.1, 0.1], 
'String', "RMSE = " + num2str(error_descending_part)) 
annotation('textbox', [0.70, 0.25, 0.1, 0.1], 
'String', "MitoPO2 baseline = " + 
num2str(MitoPO2_baseline)) 
annotation('textbox', [0.70, 0.35, 0.1, 0.1], 
'String', "MitoVO2 max = " + num2str(MitoVO2_max)) 
xlabel('Time (s)','FontSize',14); 
ylabel('MitoPO2 (mmHg)','FontSize',14); 
 
legend('Raw mitoPO2 signal', 'Optimized fitted curve') 
xlabel('Time (s)','FontSize',16); 
ylabel('MitoPO2 (mm Hg)','FontSize',16); 
ax = gca; 
ax.FontSize = 12;  
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Background information about the curvature formula 
 

The curvature at a point M of a curve is defined as: 
 

k =
dα

ds
 

 
where α is the angle of the inclination of the tangent line with M, as shown in the figure below. Thus the 
curvature is the absolute value of the rate change of α with respect to the arc length s. The curvature (k) can 
be regarded as a measure of change of the direction of the curve.  
 

k =
dα

ds
=  

dα

dx
* 

dx

ds
 

 
 

 
 
Part 1: derive dα/dx   
 
Tangent of α (tan α) is the opposite over adjacent: 
 

tan α =
dy

dx
 

 

α = arctan(
dy

dx
) 

 
Formula for differentiating the arctan is: 
 

d(arctan u)

dx
=

du
dx

1 + u2
 

 
Substitute dy/dx wherever there is an u:  
 

dα

dx
=

d(arctan (
dy
dx

))

dx
=

d(
dy
dx

)

1 + (
dy
dx

)
2 =

d2y
dx2

1 + (
dy
dx

)
2  
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Part 2: Derive dx/ds 
 

dx

ds
=

1

ds
dx

 

 
Using the Pythagorean Theorem: 
 

ds = √dx2 + dy2  
 
Square both sides: 
 

ds2 = dx2 +  dy2 
 
Divide every term by dx2: 
 

ds2

dx2
=

dx2

dx2
+

dy2

dx2
 

 
Square root both sides: 
 

ds

dx
= √1 + (

dy

dx
)

2

 

 
dx

ds
=

1

√1 +  (
dy
dx

)
2

  

 
 

CURVATURE FORMULA: 
 

k =
dα

ds
=  

dα

dx
* 

dx

ds
=  

d2y
dx2

1 + (
dy
dx

)
2 * 

1

√1 + (
dy
dx

)
2

=

d2y
dx2

(1 +  (
dy
dx

)
2

)

3
2

=
f''(x)

(1 + (f'(x)2)
3
2
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APPENDIX II 
Interim analysis: three analysis methods to derive a measure for mitochondrial oxygen consumption 

 

In recent years, several methods have been published to derive a measure for mitochondrial oxygen 
consumption (mitoVO2) from a dynamic mitochondrial oxygen tension (mitoPO2) measurement.  
 

Michaelis-Menten method  
 

Harms et. al. used the Michaelis-Menten kinetics to calculate the oxygen disappearance rate (ODR) (1). The 
principle of ODR measurements is shown in Figure 1.  
 

 
Figure 1: Principle of mitochondrial oxygen consumption (mitoVO2) by pressure-induced occlusion of the microcirculatory 
blood flow. MitoVO2 is calculated from the linear part of the oxygen disappearance curve. Printed from: Harms et.al. (1) 
   

The mitochondrial oxygen tension (mitoPO2) inside the measurement volume reflects the balance between 
oxygen consumption inside the measurement volume and oxygen inflow into the measurement volume. The 
total oxygen consumption consists of mitoVO2 and the additional oxygen consumption induced by the 
measurement procedure. Oxygen consumption by the measurement procedure is caused by photo 
consumption (2). Due to photo consumption, each excitation pulse with green light consumes a small part of 
the oxygen that is present in the mitochondria. This can result in an overestimation of the mitoVO2  (3). 
However, Harms et.al. measured no oxygen disappearance due to photo consumption at relatively high 
mitoPO2 levels induced by the blockade of oxygen consumption by cyanide (1). This result indicates that ODR 
could be analyzed without taking oxygen consumption by the measurement procedure into account. 
 
Applying pressure on the measurement volume with the measurement probe of the COMET monitor creates 
a no-flow condition. During this condition, microcirculatory oxygen supply is stopped and mitoPO2 inside the 
measurement volume will drop due to oxygen consumption by the mitochondria. The difference in PO2 
between the measurement volume and the surrounding tissue gradually increases during the no-flow 
condition and therefore oxygen starts to diffuse into the measurement volume. The rate of oxygen 
disappearance within the measurement volume during the no-flow condition is described by the following 
formula:  
 

(1)   ODR =
dmitoPO2(t)

dt
=  -mitoVO2(t)-OCM(t) + DOI(t)  

 

where dPO2(t)/dt is the ODR at time point t, mitoVO2(t) is the mitochondrial oxygen consumption, OCM(t) is 
the Oxygen Consumption by the Measurement procedure and DOI(t) is the Diffusive Oxygen Influx into the 
measurement volume.  
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The idea behind the Michaelis-Menten kinetics is that the disappearance of mitoPO2 after occlusion of the 
microcirculatory blood flow behaves like an enzyme reaction, which converts substrate molecules to 
products. This enzyme reaction depends on some intrinsic characteristics, namely the not supply-dependent 
maximal mitochondrial oxygen consumption (Vmax) and the mitoPO2 at which mitochondrial oxygen 
consumption is reduced to ½*Vmax (P50). The reaction rate also depends on the concentration of the 
substrate, the amount of oxygen that is still left in the mitochondrial measurement volume at time point t 
(mitoPO2(t)).  
 
When translating this to a dynamic mitoPO2 measurement, mitoVO2(t) can be described by the following 
formula according to the Michaelis-Menten kinetics: 
 

(2)    mitoVO2(t) =
Vmax*mitoPO2(t)      

P50 + mitoPO2(t)
 

 
where Vmax is the not supply-dependent maximal tissue oxygen consumption, P50 is the mitoPO2 at which 
mitochondrial oxygen consumption is reduced to ½*Vmax and mitoPO2(t) is the mitoPO2 in the measurement 
volume at time point t.  
 
When combining equations 1 and 2, not taking OCM(t) into account, this results in the following differential 
equation: 
 

ODR =
dmitoPO2(t)

dt
=

Vmax*mitoPO2(t)

P50 + mitoPO2(t)
+ DOI (t) 

 

For a good fit using the Michaelis-Menten method, three parameters need to be estimated from a dynamic 
mitoPO2 measurement, namely Vmax, P50 and initial mitoPO2. From this Michaelis-Menten fit, maximum 
oxygen consumption (mitoVO2_max) can be derived as mitoVO2 measure by taking the minimum value of the 
first derivative of the Michaelis-Menten fit. 

 

Sigmoid function method  
 

A research group from Germany used a sigmoid function to fit the descending part of the raw mitoPO2 signal 
(4): 
 

dmitoPO2(t)

dt
=

K1

1 +  e(-B1*(x-M1))
+ Z 

 

K1 is the baseline mitoPO2 level before inhibition of the microcirculation, B1 modulates the slope for oxygen 
consumption, M1 indicates the time of maximum oxygen consumption during inhibition of the 
microcirculation and Z is the minimum mitoPO2 level after inhibition of the microcirculation. To fit this 
sigmoid function on the raw mitoPO2 signal, these four parameters need to be estimated. From this sigmoid 
fit, mitoVO2_max can be derived as mitoVO2 measure by taking the minimum value of the first derivative of the 
Sigmoid function fit. 

 

Linear estimation method  
 

The third method is a self-developed linear estimation method. This method smooths the raw mitoPO2 signal 
by using a moving average filter. A moving average filter returns a moving average of the mitoPO2 samples of 
the dynamic mitoPO2 measurement using a fixed window length. This window slices down the length of the 
raw mitoPO2 signal, computing an average over the mitoPO2 samples within each window. MitoVO2_max can 
be derived by taking the minimum value of the first derivative of this smoothed mitoPO2 signal. Hence, no 
parameters need to be estimated because mitoVO2_max is directly retrieved from the data.  
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Small study 
 

During an interim analysis, both the Michaelis-Menten method, the sigmoid function method and the linear 
estimation method were compared by evaluating their performance on multiple dynamic mitoPO2 

measurements of twelve critically ill septic patients admitted to the Intensive Care Unit of the Leiden 
University Medical Centre. First of all, several dynamic mitoPO2 measurements were excluded for further 
analysis due to poor signal quality or due to non-inducible mitoVO2 (no decrease in mitoPO2 after applying 
pressure). For each dynamic mitoPO2 measurement, mitoVO2_max and root mean square error (RMSE) were 
calculated. The RMSE provides information about the performance of the fit. The RMSE is defined as the sum 
of the square of the error between raw mitoPO2 signal (data) and the fit: 
 

RMSE  =
√∑ (fit-data)2tend

t

N
 

 

where N is the number of mitoPO2 samples.  
 
A lower RMSE between the raw mitoPO2 signal and the fit indicates a better fit performance. Two examples 
of dynamic mitoPO2 measurements with the different fit methods and derived mitoVO2_max and RMSE values 

are shown in Figure 2.  
 

Advantages and disadvantages of each method 
 

Michaelis-Menten method (Michaelis_Menten.*m) 

 

 Compared to the linear estimation method, the Michaelis-Menten method is less sensitive for 

outliers when deriving mitoVO2_max. 

 

 In general, mitoVO2_max is underestimated by the Michaelis-Method method. Michaelis-Menten 

kinetics assumes that mitoVO2 is oxygen-dependent. According to Michaelis-Menten kinetics, the 

mitoPO2 descends steeply at the beginning of the oxygen consumption phase because of the high 

oxygen concentration in the mitochondria (Figure 2A). However, most dynamic mitoPO2 

measurements showed a slow increase in descending rate at the beginning of the oxygen 

consumption phase (Figure 2B). This behaviour is not in line with the Michaelis-Menten kinetics and 

therefore, the Michaelis-Menten fit did not follow the steepest part of the raw mitoPO2 signal 

(Figure 2B). This is the reason that the Michaelis-Menten method showed higher RMSE values for 

most of the dynamic mitoPO2 measurements.  

 Since three parameters need to be estimated, fit performance gets worse when less mitoPO2 

samples are measured during the dynamic mitoPO2 measurements.  
 

Sigmoid function method (Sigmoid.*m) 

 

 Compared with the linear method, the sigmoid method is less sensitive for outliers when deriving 

mitoVO2_max. 

 Compared to the Michaelis-Menten method, the sigmoid method showed lower RMSE values. In 

general, the sigmoid method seems to have a fit good performance on several types of data curves 

(Figure 2C, 2D), whereas the Michaelis-Menten method has only a good fit on dynamic mitoPO2 

measurements that matches the Michaelis-Menten kinetics (Figure 2A, 2B).  

 A second sigmoid function can be added to the existing sigmoid function to create two 

complementary sigmoid functions. This second sigmoid function is able to fit the ascending part of 

the raw mitoPO2 signal and can be used to derive a measure for mitochondrial oxygen delivery 

(mitoDO2). MitoDO2 is a newly introduced parameter for mitochondrial reoxygenation (4). This 

newly introduced parameter for mitochondrial reoxygenation might be an indirect parameter of the 

microcirculatory function because mitochondrial reoxygenation is dependent on the microcirculatory 

oxygen supply.   
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K1

1 + e(-B1*(x-M1))
+

K2

1 + e(-B2*(x-M2))
+ Z 

 
K1 = baseline mitoPO2 level before inhibition of the microcirculation  
K2 = mitoPO2 level after reoxygenation 
B1 = slope modulation for oxygen consumption 
B2 = slope modulation for reoxygenation 
M1 = time of maximum oxygen consumption during inhibition of the microcirculation 
M2 = time of maximum reoxygenation after pressure release  
Z = minimum mitoPO2 level after inhibition of the microcirculation  

 
 Since four parameters need to be estimated, fit performance gets worse when less mitoPO2 samples 

are measured during the dynamic mitoPO2 measurements.  

 

Linear estimation method (Linear.*m) 

 

 Since no parameter has to be estimated, the linear estimation method has the highest fit 

performance. This is the reason that the linear estimation method showed the lowest RMSE values 

for all the dynamic mitoPO2 measurements (Figure 2E, 2F). 

 

 The linear method is very sensitive for outliers when deriving a measure for mitoVO2_max. 

 Physiologically, it is not expected that mitochondrial oxygen consumption is linear during the whole 

oxygen consumption phase.  
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2A                    2B 

 
2C                    2D 

 
 
2E                    2F 

 
 
Figure 2 : Two examples of  dynamic mitochondrial oxygen tension (mitoPO2) measurements  with the three different 
fitting methods and the derived maximum oxygen consumption (mitoVO2_max) and root mean squared error (RMSE) 
values. 
 

 
 
 



 

 
42 

Conclusion 

 
During this interim analysis, three data analysis methods were developed in MATLAB to derive a measure for 
mitoVO2 from dynamic mitoPO2 measurements. Michaelis-Menten kinetics assumes that mitochondrial 
oxygen consumption is oxygen-dependent. However, most dynamic mitoPO2 measurements showed a slow 
increase in descending rate at the beginning of the oxygen consumption phase. This behaviour is not in line 
with the Michaelis-Menten kinetics. Whereas the Michaelis-Menten method has only a good fit performance 
on dynamic mitoPO2 measurement that matches the Michaelis-Menten kinetics, the sigmoid function 
method has a good fit performance on several types of data curves. Furthermore, the sigmoid function 
method is less sensitive for outliers compared to the linear estimation method. These are the two main 
reasons that we chose for the sigmoid function method as the final analysis method for the study.  
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APPENDIX III 
Association between mitochondrial oxygenation and oxygen consumption 

 
The Cellular Oxygen METabolism (COMET) monitor measures mitochondrial oxygen tension (mitoPO2) with 
delayed fluorescence of mitochondrial protoporphyrin IX (PpIX) (1-2). MitoPO2 is the resultant of 
mitochondrial oxygen supply and the amount of oxygen consumed by the mitochondria. Blocking 
microcirculatory blood flow by pressing the measurement probe on the skin allows the measurement of 
mitochondrial oxygen consumption (mitoVO2) (3). This procedure induced measurable oxygen consumption 
rates due to cessation of the microcirculatory oxygen supply and ongoing oxygen consumption by the 
mitochondria. In this study, mitoPO2 was measured before (static) and during the application of pressure 
(dynamic). The mitoPO2 measured at baseline level was defined as mitoPO2_baseline. The maximum rate of 
mitoPO2 change during the stop-flow condition was defined as mitoVO2_max. We investigated the association 
between the static mitochondrial parameter (i.e. mitoPO2_baseline) and the dynamic mitochondrial parameter 
(i.e. mitoVO2_max). We divided mitoPO2_baseline into three groups: low, medium and high for this longitudinal 
analysis (Figure 1A). Just like mitoPO2_baseline, mitoVO2_max can also be divided into three groups (fast, medium, 
slow) to better understand the interaction between mitoPO2_baseline and mitoVO2_max (Figure 1B).  

 
 
Figure 1A                         Figure 1B 
Figure 1A: The three mitoPO2_baseline groups: high(1), medium(2), low(3). 
Figure 1B: The three mitoVO2_max groups: fast(1), medium(2), slow(3). 
Medium levels (gray) are the reference levels.  
 

Hypothesis  
 
As stated above, mitoPO2 is a resultant of mitochondrial oxygen supply and consumption (Figure 2).  

 
 
Figure 2: The oxygen balance. Mitochondrial oxygen tension (mitoPO2) is the resultant of mitochondrial oxygen supply 
and consumption.  
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Mitochondria with medium and high mitoPO2_balance levels, the 'happy mitochondria', have a stable balance 
between oxygen supply and consumption. This balance will be shifted to more oxygen consumption and less 
oxygen supply in mitochondria with low mitoPO2_baseline levels, the 'unhappy' mitochondria.  
 
We hypothesize that the rate of mitoPO2 change during the temporary cessation of the microcirculatory 
blood flow provides us information about how quickly the mitochondria suffer from the acute cessation of the 
oxygen supply. The rate of mitoPO2 change indicates how fast the mitochondria consume the present 
oxygen.  
 
We will describe our hypothesis by four different situations:  
 

• High mitoPO2_baseline (1) and low mitoVO2_max (3) (Figure 3A): 
o These mitochondria won't be directly affected by the acute cessation of the microcirculatory 

oxygen supply because of their oxygen reserves > slow oxygen consumption > slow decline 
in mitoPO2. 

• High mitoPO2_baseline (1) and fast mitoVO2_max (1) (Figure 3B): 
o These mitochondria will be directly affected by the acute cessation of the microcirculatory 

oxygen supply  > rapid oxygen consumption > rapid decline in mitoPO2. 

• Low mitoPO2_baseline (1) and low mitoVO2_max (1) (Figure 3C): 
o These mitochondria are not directly affected by the acute cessation of the microcirculatory 

oxygen supply because these mitochondria will partially shutdown and will reduce their 
oxygen consumption > slow oxygen consumption > slow decline in mitoPO2. 

• Low mitoPO2_baseline (1) and high mitoVO2_max (1) (Figure 3D): 
o The mitoPO2_baseline  is unfavorable. These mitochondria are most likely 'unhappy' and in 

stress. These mitochondria will be directly affected by the acute cessation of the 
microcirculatory oxygen supply. The oxygen balance will be shifted to more oxygen 
consumption (Figure 2) > rapid oxygen consumption > rapid decline in mitoPO2. 

 
Figure 3: The four different situations. 
Figure 3A: High baseline mitochondrial oxygen tension (mitoPO2_baseline) and slow maximum mitochondrial oxygen 
consumption (mitoVO2_max). 
Figure 3B: High mitoPO2_baseline and fast mitoVO2_max. 
Figure 3C: Low mitoPO2_baseline and slow mitoVO2_max. 
Figure 3D: Low mitoPO2_baseline and fast mitoVO2_max. 

Medium levels (gray) are the reference levels. 
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APPENDIX IV 
Database 

 

Patient Gender1 Age Source2 APACHE Time3 MitoPO2 
baseline 

MitoPO2 
baseline 
group4 

MitoVO2 
max5 

RMSE Lactate ScvO2 

1 1 63 1 36 0 53 2 2,34 1,33 1,5  

1 1 63 1 36 2 35,3 1 3,66 0,91 1,4  

1 1 63 1 36 4 78,3 3 5,69 2,57 1,6  

2 1 72 2 85 0 63 3 2,87 1,59 2,2  

2 1 72 2 85 2 63,7 3 1,28 1,52 2,1  

2 1 72 2 85 14 155 3 1,59 5,35 1,7  

3 1 68 3 118 0 51 2 0,2 2,62 9,3 91 

3 1 68 3 118 2 40,7 2 3,09 1,61 10 88 

3 1 68 3 118 4 49 2 3,47 1,79 8,8 84 

3 1 68 3 118 6 3,3 1 0  10,4 74 

3 1 68 3 118 20 26,7 1 3,61 1,47 6,9  

4 2 34 4 22 0 67 3 3,5 2,01 0,9  

4 2 34 4 22 2 63 3 3,96 1,51 0,8  

4 2 34 4 22 4 40,3 2 2,05 1,17 0,8  

4 2 34 4 22 6 98 3 2,35 0,9 1  

4 2 34 4 22 20 80,3 3 2,61 2,64   

6 2 58 2 93 0 55 2 0  1,4  

6 2 58 2 93 2 57,7 2 0,29 1,91 1,5  

6 2 58 2 93 4 74,3 3 3,37 1,39 1,5  

6 2 58 2 93 6 46,7 2 2,72 1,66 1,8  

6 2 58 2 93 8 81,7 3 1,52 3,63 1,5  

6 2 58 2 93 19 80,7 3 3,66 3,43 1,1  

7 1 71 5 62 0 59 2 2,56 1,61 1  

7 1 71 5 62 2 76,7 3 1,84 1,87 0,8  

7 1 71 5 62 13 67,7 3 2,78 5,63 1,9  

8 2 67 5 65 0 59 2 1,91 0,87 2,6  

8 2 67 5 65 2 63,7 3 2,15 1,93 2,5 80 

8 2 67 5 65 4 76,3 3 2,48 1,25 2,8 78 

8 2 67 5 65 6 81 3 2,63 2 3,1 74 

9 1 82 5 46 0 71,7 3 2,43 3,63 1 69 

9 1 82 5 46 13 112,3 3 4,09 4,53 1 69 

10 1 54 5 42 0 187 3 -  0,7  

10 1 54 5 42 2 76 3 2,1 1,67 0,6  

10 1 54 5 42 4 13,3 1 0  0,6  

10 1 54 5 42 8 12,3 1 0  0,7  

11 1 60 3 47 0 47 2   2,2 82 

11 1 60 3 47 13 82 3 -  1,5 81 

11 1 60 3 47 15 43 2   2,1 75 

11 1 60 3 47 17 62,3 3 6,33 2,08 2,1 69 

11 1 60 3 47 19 39,7 1 8,82 1,55 2,3 74 

11 1 60 3 47 21 62 2 9,18 1,58 1,4 79 

12 1 69 5 87 0 62,3 3 3,63 2,03 2,6  

12 1 69 5 87 13 71,3 3 1,82 2,57 1,6 83 

12 1 69 5 87 15 68 3 3,35 3,56 1 85 
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12 1 69 5 87 17 69,7 3 4,54 2,29 1,4 86 

12 1 69 5 87 19 62 2 -  1,6 89 

13 1 61 2 84 0 54,3 2   2,2  

13 1 61 2 84 2 45,7 2   3  

13 1 61 2 84 5 41,7 2 3,87 1,2 2,9  

13 1 61 2 84 7 44 2 4,31 1 2,4  

13 1 61 2 84 9 19,3 1 1,8 0,8 2  

13 1 61 2 84 20 29 1 3,45 1,18   

14 2 46 4 62 0 101 3 0  3,7 57 

14 2 46 4 62 2 96 3 0  2,8 42 

14 2 46 4 62 5 99 3 2,53 3,24 2,3 48 

14 2 46 4 62 7 78 3 1,55 4,57 1,8 68 

14 2 46 4 62 9 141 3   1,6 61 

14 2 46 4 62 21       

15 1 62 3 103 0 51 2 0  2,7  

15 1 62 3 103 3 47,7 2 0  2,3 85 

15 1 62 3 103 5 47 2 -  2,8 82 

15 1 62 3 103 7 57 2 2,02 2,36 2,6 81 

15 1 62 3 103 9 38,7 1 1,63 1,52 2,8 80 

15 1 62 3 103 11 61,3 2 2,02 1,54 2,8 80 

15 1 62 3 103 22 19 1 2,34 0,9 2,8 83 

16 1 67 3 70 0 41 2 9,23 1,31 5,5  

17 1 69 3 114 0 59,7 2 8,62 1,66 1,7 82 

17 1 69 3 114 3 54,3 2 7,3 2,5 1,6 86 

17 1 69 3 114 5 25,7 1 3,56 1,16 2 88 

17 1 69 3 114 7 11,3 1 0,78 1,4 1,2 86 

17 1 69 3 114 9 1,7 1 0  1,3 85 

17 1 69 3 114 11 2,7 1 0  1,2 87 

18 1 66 3 114 0 35,3 1 0  1,2  

18 1 66 3 114 2     1,3  

18 1 66 3 114 4 15,7 1 0  1  

18 1 66 3 114 6 75 3 1,13 5,36 1,1  

18 1 66 3 114 8 59,3 2 1,53 2,51 1,3  

18 1 66 3 114 10 37,3 1 0,44 2,25 1,4  

18 1 66 3 114 12 6,3 1 0  1,2  

19 2 70 3 93 0 53 2 -  1,2  

19 2 70 3 93 10 91 3 2,65 3,77 1,2  

19 2 70 3 93 14 92 3 2,23 3,3 1,2  

19 2 70 3 93 17 45,7 2 1,86 2,61 1,1 66 

19 2 70 3 93 20 61 2 3,21 2,39 1,2 70 

20 2 66 3 75 0 27,3 1 3,76 2,01 1,9  

20 2 66 3 75 2 45 2   1,9  

20 2 66 3 75 3 13,3 1 5,47 0,83 1,6  

20 2 66 3 75 5 7 1 0,28 1,58 1,5  

21 1 42 5 51 0 79,7 3 1,38 4,29 2  
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21 1 42 5 51 5 61,7 2 5,22 1,13 2,1  

21 1 42 5 51 6 48 2 3,98 2,11 2,1  

21 1 42 5 51 8 50 2 0,81 1,93 1,7  

22 1 52 6 93 0 41 2 6,35 2,95 3,9  

22 1 52 6 93 3 18,3 1 9,9 1,85 4,2 71 

22 1 52 6 93 6 20,7 1 11,75 1,53 3,2 70 

22 1 52 6 93 8 31 1 5,96 0,96 3,2 72 

22 1 52 6 93 20 69,3 3 5,96 2,24 2,9  

26 1 82 5 74 0 117 3 3,23 5,65 1,2  

26 1 82 5 74 3 85 3 3,23 1,55   

26 1 82 5 74 4 73 3 5,19 2,7 1,4  

26 1 82 5 74 6 70 3 2,93 2,77 1,3  

26 1 82 5 74 20 102 3 5,99 5,59   

27 2 73 5 57 0 32,3 1 4,24 0,96   

27 2 73 5 57 2 96 3 4,49 4,44 2  

27 2 73 5 57 4 56 2 2,02 3,05 2  

27 2 73 5 57 5 123 3 2,89 6,32 2,1  

27 2 73 5 57 8 82,3 3 4,31 2,09 2  

27 2 73 5 57 10 34 1 3,73 1,68 1,8  

28 1 52 4 45 0 64,7 3   0,7  

28 1 52 4 45 1 48,3 2 4,24 1,96 0,5  

29 1 50 4 52 0 55 2 3,21 2,34 2,4  

29 1 50 4 52 3 23,7 1 2,97 0,86 2,9  

29 1 50 4 52 5 103 3 0,73 3,63 1,8  

29 1 50 4 52 16 10,3 1 0,42 0,77   

30 1 46 5 73 0     1,5  

30 1 46 5 73 1 67,7 3 1,97 1,59   

30 1 46 5 73 3 60 2   1,2  

30 1 46 5 73 5 55 2 0,52 2,42 0,9  

30 1 46 5 73 7 71 3 1,68 2,26   

30 1 46 5 73 9 81,3 3 1,89 2,44 1,2  

30 1 46 5 73 11 93 3 1,81 3,22 1,3  

30 1 46 5 73 22 114 3 2,03 4,3   

31 2 63 5 59 0 14 1 0,44 0,88 2,8  

31 2 63 5 59 13 121 3 2,39 5,25 1,5  

31 2 63 5 59 16 159,7 3 5,2 6,67 2,1  

31 2 63 5 59 18 169 3 -  1,7  

31 2 63 5 59 20 96 3 1,94 3,92 1,7  

32 1 73 4 105 0 41 2 0  7,2 78 

32 1 73 4 105 1 4,3 1 0    

32 1 73 4 105 3 8 1 0,64 0,83 7,5  

32 1 73 4 105 4 17 1 7,73 2,77   

32 1 73 4 105 5 4,7 1 0,56 0,18 7,6 82 

32 1 73 4 105 6 39 1 3,07 1,64 7,2 82 

32 1 73 4 105 8 14,7 1 9,53 3,72 7,3 79 
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32 1 73 4 105 10 3,3 1 0  7,3 81 

32 1 73 4 105 12 10,3 1 1,1 0,22 7 81 

32 1 73 4 105 21 28,3 1 5,27 2,36   

33 1 79 5 77 0 48,3 2 0  4,9  

33 1 79 5 77 1 36,3 1 2,33 3,05 5,8 76 

33 1 79 5 77 2 20 1 0  5,7 75 

35 1 76 5 132 0 23 1   2,9 69 

35 1 76 5 132 2 9,7 1 0  3,1 84 

36 1 81 3 58 0 48 2 3,25 1,62   

36 1 81 3 58 2 39,7 1 1,84 1,58 1  

36 1 81 3 58 4 24 1 5,11 0,69 1,2  

36 1 81 3 58 6 40 2 3,74 1,15 1  

36 1 81 3 58 8 11,3 1 2,9 3,96 1,1  

36 1 81 3 58 24 53,3 2 11,57 1,69 1,2  

37 1 61 6 87 0 46 2 0,48 2,85 1,4 77 

37 1 61 6 87 2 42,7 2 2,22 2,7 1,5 76 

37 1 61 6 87 14 81 3 2,11 2,18 1  

38 1 79 3 100 0 56,7 2 0  1,4 84 

38 1 79 3 100 2 52 2 11,54 4,39 1,6 84 

38 1 79 3 100 4 19 1 0,52 3,17 1,8  

38 1 79 3 100 14 23 1 2,07 1,08 1,6  

39 2 69 3 74 0 37,3 1 3,88 2,4 4,6 84 

39 2 69 3 74 2 45,3 2 2,22 1,09 4,6  

39 2 69 3 74 4 4,7 1 0  4,3 80 

39 2 69 3 74 6 22 1 1,17 1,91   

39 2 69 3 74 8 3,3 1 0,96 0,72 4,8  

39 2 69 3 74 11 10,3 1 0  4,6  

39 2 69 3 74 13       

39 2 69 3 74 24     2,8 84 

40 1 47 5 44 0 26,7 1 4,52 1,04   

40 1 47 5 44 2 5 1 0  1,5  

40 1 47 5 44 4 4 1 0  1,5  

40 1 47 5 44 5 5 1   1,8  

40 1 47 5 44 7 36,7 1 -  2,2  

40 1 47 5 44 9 65 3 8,85 5,91 1,5  

40 1 47 5 44 21 76,7 3 3,04 3,92 1,4  

40 1 71 4 42 0 50,3 2 3,34 1,52 0,6  

40 1 71 4 42 2 19 1 0,93 1,55 0,6  

41 1 71 4 42 4 50,3 2 1,85 1,18 1,3  

41 1 71 4 42 6 56,7 2 2,17 0,99 0,8  

41 1 71 4 42 18 30,3 1 0,85 3,67 1  

43 1 66 5 94 0 59 2 0  1,6  

43 1 66 5 94 2 53,5 2   1,1  

43 1 66 5 94 4 54 2 1,31 4,06 1,1  

43 1 66 5 94 6 38,7 1 8,69 3,08 1,5  
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1Gender: 1 = male, 2 = female. 
2Source of sepsis: 1 = unknown; 2 = cutaneous ; 3 = gastrointestinal  ; 4 = urinary; 5 = pulmonary ; 6 = other ; 
3Time is defined as the number of hours between the dynamic mitoPO2 measurements at time point ‘x’ and the first 
dynamic mitoPO2 measurement of each patient. 
4  1 = Low = mitoPO2_baseline 0-40 mm Hg 

2 = Medium = mitoPO2_baseline 41-62.3 mm Hg 
3 = High = mitoPO2_baseline >62.3 mm Hg 

5 MitoVO2_max = 0 (Dynamic mitoPO2 measurement without inducible mitoVO2) 
5 Insufficient fit performance 
 
APACHE IV score = Acute Physiologic and Chronic Health Evaluation IV score; mitoPO2_baseline = baseline mitochondrial oxygen tension; 
mitoVO2_max = maximum oxygen consumption; RMSE = root mean squared error; ScvO2 = central venous oxygen saturation 
 

 

 
 
 

43 1 66 5 94 8 52,7 2 0  1,3  

43 1 66 5 94 10 57 2   1,5  

43 1 66 5 94 12 64,3 3   1,6  

43 1 66 5 94 23 62,7 3 20,48 3,64 1,2  

44 1 73 6 91 0     2,4  

44 1 73 6 91 2     2  

44 1 73 6 91 13 39 1 7,11 0,76   

45 1 58 4 71 0 71,3 3 6,98 2,22 1,6  

45 1 58 4 71 2 51,3 2 4,12 1,71 1,9  

45 1 58 4 71 4 60,3 2 3,54 3,98 1,5  

45 1 58 4 71 5 46 2 10,81 3,38 1,3  

45 1 58 4 71 7 76 3 17,33 3,71 1,5  

45 1 58 4 71 9 40 2 9,37 2,82 1,3  

45 1 58 4 71 20 2 1 0  2  

47 2 55 3 42 0 52,7 2 0  0,6  

47 2 55 3 42 2 57,7 2     

47 2 55 3 42 3 65 3 0  0,6  

47 2 55 3 42 5 62 2   0,5  

47 2 55 3 42 7 48 2 0  0,6  

47 2 55 3 42 18 78,7 3 0    

48 2 69 1 78 0 103,3 3 5,33 2,84 1,2  

48 2 69 1 78 5 79,3 3 5,04 2,02 1  

48 2 69 1 78 8 9,3 1 0,34 0,69 1,2  



 
    

  


