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Background:Mitochondria are the key players in aerobic energy generation via oxidative

phosphorylation. Consequently, mitochondrial function has implications on physical

performance in health and disease ranging from high performance sports to critical

illness. The protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) allows in vivo

measurements of mitochondrial oxygen tension (mitoPO2). Hitherto, few data exist on

the relation of mitochondrial oxygen metabolism and ergospirometry-derived variables

during physical performance. This study investigates the association of mitochondrial

oxygen metabolism with gas exchange and blood gas analysis variables assessed during

cardiopulmonary exercise testing (CPET) in aerobic and anaerobic metabolic phases.

Methods: Seventeen volunteers underwent an exhaustive CPET (graded multistage

protocol, 50 W/5min increase), of which 14 were included in the analysis. At baseline

and for every load level PpIX-TSLT-derived mitoPO2 measurements were performed

every 10 s with 1 intermediate dynamic measurement to obtain mitochondrial oxygen

consumption and delivery (mitoV̇O2, mitoḊO2). In addition, variables of gas exchange

and capillary blood gas analyses were obtained to determine ventilatory and lactate

thresholds (VT, LT). Metabolic phases were defined in relation to VT1 and VT2 (aerobic:

<VT1, aerobic-anaerobic transition: ≥VT1 and <VT2 and anaerobic: ≥VT2). We used

linear mixed models to compare variables of PpIX-TSLT between metabolic phases

and to analyze their associations with variables of gas exchange and capillary blood

gas analyses.

Results: MitoPO2 increased from the aerobic to the aerobic-anaerobic phase

followed by a subsequent decline. A mitoPO2 peak, termed mitochondrial

threshold (MT), was observed in most subjects close to LT2. MitoḊO2 increased

during CPET, while no changes in mitoV̇O2 were observed. MitoPO2 was

negatively associated with partial pressure of end-tidal oxygen and capillary

partial pressure of oxygen and positively associated with partial pressure
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of end-tidal carbon dioxide and capillary partial pressure of carbon dioxide. MitoḊO2

was associated with cardiovascular variables. We found no consistent association

for mitoV̇O2.

Conclusion: Our results indicate an association between pulmonary respiration and

cutaneous mitoPO2 during physical exercise. The observed mitochondrial threshold,

coinciding with the metabolic transition from an aerobic to an anaerobic state, might

be of importance in critical care as well as in sports medicine.

Keywords: COMET, mitochondrial oxygen tension (mitoPO2), mitochondrial oxygen consumption (mitoV̇O2),

cardiopulmonary exercise testing (CPET), ergospirometry, protoporphyrin-IX triplet state lifetime technique,

mitochondrial oxygen delivery (mitoḊO2)

INTRODUCTION

Mitochondria are the power houses of aerobic cells. Fueled
by oxygen and energy-rich substrates of the glucose, fat, and
protein metabolism, they generate ATP, the energy equivalents
required for the work of muscles and function of organs. It
is obvious that damage to these organelles leads to a reduced
energy supply on a cellular level. Thus, mitochondria play a
pivotal role in physiologic and pathophysiologic conditions.With
a better understanding of the complex interactions in sepsis,
microcirculation and mitochondrial dysfunction have become
a major focus of research (1). Numerous sepsis-associated
mitochondrial abnormalities have been described: disturbances
of the electron transport chain and of oxidative phosphorylation,
structural damage, oxidative and nitrosative stress, proton leak
and uncoupling being only a small selection (2). In response
to these findings, mitochondria targeted therapies are currently
being developed (3).

However, a non-invasive diagnostic tool for the assessment
of mitochondrial performance in situ that can be applied
simultaneously with an event of interest, such as the onset of
sepsis or other physiological or pathophysiological conditions, is
as yet missing. Apart from few exceptions (2, 4), mitochondrial
function has mostly been assessed by laboratory tests with vital
cells following invasive measures on patients, such as blood
withdrawal or muscle biopsy (4).

Since oxygen is crucial to achieve a sufficient energy supply by
aerobic ATP generation, it seems logical to employmitochondrial
oxygen tension and its dynamics as a marker for mitochondrial
performance. To enable direct and non-invasive measurements
of mitochondrial oxygen metabolism, Mik et al. introduced the
protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT)
(5). Recently, the measurement of mitochondrial oxygen tension
(mitoPO2) in skin became clinically available by the COMET
system (Photonics Healthcare BV, Utrecht, Netherlands). Using
the same system, oxygen consumption (mitoV̇O2) (6) and
oxygen delivery (mitoḊO2) (7) can be determined. A detailed
description of the device is provided by Ubbink et al. (8). Up to
now, just a few in vivo studies have been conducted and even less
in patients or volunteers (7, 9–12).

The OXPHOS complex on the inner mitochondrial
membrane is the final acceptor of oxygen, which is provided by
respiration and transported to tissue by blood, where it is bound

to hemoglobin of the erythrocytes (13). While resting and during
light physical activity, aerobic energy generation from fatty acids
and in second line carbon hydrates, is the dominant feature in
generating ATP. Yet, with increasing work intensity, oxygen
demand is no longer balanced by supply. The consequence
is additional allocation of ATP by anaerobic glycolysis. The
buffering of H+ ions from the production of lactic acid yields
extra CO2 that must be eliminated via enhanced respiration.
This is the physiologic equivalent of the first ventilatory
threshold (VT1) detected in ergospirometry (also known as
cardiopulmonary exercise testing, CPET) (14). CPET from light
to maximal intensity displays three phases: aerobic metabolism,
aerobic-anaerobic transition, and anaerobic metabolism (15, 16).
Ventilatory thresholds VT1 and VT2 separate the phases,
whereas VT2 denotes the respiratory compensation point (RCP)
(17). At this point respiration is intensified once more in order to
counterbalance metabolic acidosis caused by a disproportionate
lactic acid increase. Lactate levels can be measured directly in
arterial or capillary blood samples. Similar to VT1 and VT2, two
metabolic thresholds of the lactate kinetics (LT1 and LT2) can be
identified. The latter are related to but not equal to the ventilatory
thresholds (17). Of note, not less than 25 different LT concepts
have been described (18). CPET measurements reveal a complex
but not comprehensive picture of metabolic and respiratory
processes during exercise (see Figure 1). The integration of the
chronological sequences in the mitochondrion during exercise
into the macroscopic observations of the CPET might not
only be a useful contribution to the current knowledge of the
complex processes of physical activity but also provide insights
into mitochondrial performance when reaching physiologic or
pathologic limitations.

In critical illness, the aerobic-anaerobic and the anaerobic
metabolism are of utmost importance, since the balance between
oxygen supply and oxygen demand is frequently disturbed
(1). Aim of our pilot study (PpIX-TSLT measurements during
CPET) was to elucidate, if there is an association of cellular
oxygen metabolism with gas exchange parameters in distinct
metabolic phases. Hitherto, this question has not been addressed
but is of great interest when exploring any perturbances of
mitochondrial function as is assumed to be a major feature
in, e.g., sepsis. In order to gain insights into the interactions
of the different levels from organ to cell to cellular organelles,
such mechanisms need to be explored in healthy humans
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FIGURE 1 | Metabolic phases and exemplary location of lactate (LT1, LT2) and

ventilatory thresholds (VT1, VT2) during maximum cardiopulmonary exercise

testing.

first. Therefore, our study was designed to create all three
phases of physical exertion: aerobic metabolism, aerobic-
anaerobic transition and anaerobic metabolism by employing a
graded multistage protocol. To approach our research question,
parameters of mitochondrial oxygen metabolism (mitoPO2,
mitoV̇O2, mitoḊO2) were measured in relation to respiratory gas
exchange variables, lactate kinetics and other variables derived
from capillary blood gas analyses during a maximal intensity
CPET. We then analyzed the kinetics of mitoPO2, mitoV̇O2 and
mitoḊO2 in relation to the metabolic phases and to the metabolic
(LT1 and LT2) and ventilatory thresholds (VT1 and VT2) (17).

METHODS

Study Population
We recruited healthy male adults via the Jena University Hospital
notice boards, notice boards in fitness-studios and social media.
Participants had to be at least 18 years old, non-smoking, and
should perform strength or fitness-oriented training at least three
times a week. All candidates gave their written informed consent
and according to the Physical Activity Readiness Questionnaire
(19), showed readiness for physical activity, which the study team
had to confirm. The following criteria lead to exclusion from
participation: significant cardiac, pulmonary or musculoskeletal
disease or condition, allergies to contents of the Alacare R© plaster
(Photonamic, Wedel, Germany), or to ingredients of Finalgon R©

CPDWärmecreme (Sanofi Aventis, Germany), allergy to medical
adhesive bandages, porphyria, skin conditions aggravated by
sunlight or increased sensitivity to light, participation in another
interventional study, or prior participation in this study. The
study was approved by the ethics committee of the Friedrich
Schiller University Jena (2019-1296-BO) and is registered at the
German Clinical Trials Register (DRKS00016670).

Experimental Setup of the Study
The complete setup is summarized in Figure 2.

PpIX-TSLT Measurements
This optical method uses an endogenous organic compound,
protoporphyrin IX (PpIX), as a fluorophore. After excitation with
a pulse of green light, it will emit a red delayed fluorescence
(20). In the presence of oxygen, the lifetime of the delayed
fluorescence caused by the first excited triplet state of porphyrin
is inversely related to PO2 (20) as described by the Stern-Vollmer
equation (21). The fact that oxygen is a quencher of fluorescence
has been used to measure the oxygen content of mitochondria
(5). Though PpIX, a natural precursor of heme in the heme
biosynthetic pathway, is synthesized within the mitochondrion
(22), its amounts are too small for the use as an oxygen-sensitive
fluorophore. Because the conversion of PpIX to heme is a rate
limiting step (23), its quantity can be enhanced by administering
5-aminolevulinic acid (5-ALA), a precursor of PpIX, to the
measuring site (24). By pressure induced interruption of the
local microcirculation oxygen consumption (mitoV̇O2) can be
calculated from the rate at which the oxygen tension declines,
while replenishment is stopped (6). Mitochondrial oxygen
delivery (mitoḊO2) however, is then calculated from the slope
of the mitoPO2 increase, when pressure is released (11).

Individuals were instructed to apply a 4 cm2 adhesive patch
containing 8mg of 5-ALA (Alacare R©, Photonamic, Wedel,
Germany) to their left lumbar region at least 6 h prior to the
measurement to ensure sufficient accumulation of PpIX. After
application of Alacare R©, the skin was protected from light
with an adhesive plaster before and for 48 h after the test to
prevent skin irritation. The lumbar region was chosen because
of technical considerations: since the anterior chest wall, as
proposed by Harms and colleagues (9), is not easily accessible
and, in addition, is in constant movement while riding a bicycle,
reliable measurements would not have been achieved. The
measurements were performed with the COMET measurement
system (Photonics Healthcare BV, Utrecht, Netherlands). After
removal of the Alacare R© plaster, the COMET Skin Sensor was
fixed to the site with an adhesive tape to prevent shifting of the
light source.

PpIX-TSLT measurements at baseline and during CPET
always followed the same sequence (see Figures 2A,B). MitoPO2

was measured every 10 s at the beginning and at the end
of each stage (baseline, each load level of CPET). After the
second minute of each stage (to achieve steady state conditions),
dynamic measurements (one measurement per second) were
done to obtain mitoV̇O2 and mitoḊO2 (Figure 2B). In detail,
after recording mitoPO2 for about 20 s (one measurement
per second), pressure was applied to the sensor to locally inhibit
microcirculation. This resulted in a decrease of mitoPO2, which
posed the basis for the assessment of mitoV̇O2. When mitoPO2

dropped near to zero or showed no further decline, pressure
was maintained for a further 10 s. Thereafter, the pressure was
released to allow local reoxygenation, which was followed by
an increase of mitoPO2. This was used as the basis to obtain
mitoḊO2. The dynamic measurements were analyzed by two
independent raters (PB, JH) with a self-developed program
underMATLAB (MATLAB and Statistics Toolbox Release 2017a,

Frontiers in Medicine | www.frontiersin.org 3 December 2020 | Volume 7 | Article 585462

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Baumbach et al. Mitochondrial Oxygen Metabolism During CPET

FIGURE 2 | Experimental setup. (A) All measurements at baseline, during cardiopulmonary exercise testing (CPET) and in the recovery phase followed the same

sequence. PpIX-TSLT measurements were performed every 10 s during the first and last 2min of each phase to obtain mitochondrial oxygen tension (mitoPO2 ).

Capillary blood samples for blood gas analysis (CBG) were taken after 180 s. Subjective ratings of exertion and dyspnea were assessed by the Borg Scale at the end

of each phase. ECG and gas exchange parameters were monitored continuously. In addition, guideline-conform non-invasive blood pressure measurements were

performed every 180 s. (B) After 2min phase duration, dynamic PpIX-TSLT measurements were performed to assess mitochondrial oxygen consumption (mitoV̇O2 )

and delivery (mitoḊO2 ). During the first 20 s, baseline mitoPO2 measurements were obtained. Thereafter, pressure was applied to the sensor in order to locally inhibit

microcirculation. When mitoPO2 reached near to zero levels or showed no further decline, pressure was maintained for 10 s and then released. Based on the fitted

parameters mitoV̇O2 (F1: left part of the equation) and mitoḊO2 (F2: right part of the equation) were estimated [for details see (11)].

The MathWorks, Inc. Natick, Massachusetts, United States). In
short, the algorithm fits two complementary sigmoid functions,
which model average mitoPO2 (without pressure), the decrease
(during pressure) and the subsequent increase of mitoPO2 (after
pressure release, see Figure 2B). Based on the fitted function
parameters, average mitoV̇O2 and average mitoḊO2 are derived
as previously described (7). Pressure to the skin sensor during
dynamicmeasurements was applied by a handheld dynamometer
(Hoggan MicroFET2 Dynamometer, Hoggan Scientific LLc, Salt
Lake City, United States) in order to achieve equal pressure in
each dynamic measurement. Skin temperature was recorded as
the temperature of the skin sensor.

To analyze the individual kinetics of mitoPO2 from
single measurements (every 10 s) during baseline and CPET,
thereby excluding dynamic measurements, the data points were
smoothed using locally estimated scatterplot smoothing (LOESS,
span = 0.75, degree = 2). The mitochondrial threshold (MT)
was set as maximum and/or decline of the fitted curve during
CPET. An example is given in Figure 3 (Supplementary Figure 1

displays the data for all subjects).

Cardiopulmonary Exercise Test (CPET)
A bicycle ergometer was used (Custo-Cardio Diagnostik, Custo-
Med GmbH, Ottobrunn, Germany). After calibration of the
gas analyzer and flow sensor, baseline measurements were
obtained, and the exercise test (graded multistage protocol)

was started at 50W with a workload increase of 50W every
5min. Participants were instructed to maintain a pedal frequency
of 60–80 rotations per minute receiving feedback when being
out of this scope. Exhaustion was deemed to have occurred
when the participant could no longer maintain the required
power output or wished to stop. Objective exhaustion levels
and causes for the premature termination of the test were
determined by classical criteria stated in various guidelines (25–
27). Furthermore, the Borg Rating of Perceived Exertion (RPE)
scale was used for the self-assessment of subjective exertion [from
6 (= no exertion at all) to 20 (= maximum exertion)] and
dyspnea [from 6 (= no breathing difficulty) to 20 (= maximum
breathing difficulty)] (28–30) at baseline and at the end of each
load level. During the test, ventilation and standard gas exchange
variables were recorded continuously on a breath-by-breath
basis by a Ganshorn LF8 PowerCube R© pneumotachograph
(Ganshorn Medizin Electronic GmbH, Niederlauer, Germany)
and displayed in the form of a 9-panel diagram according to
Wassermann (31). The recorded and calculated variables were:
minute ventilation (V̇E), oxygen consumption (V̇O2), carbon
dioxide production (V̇CO2), ventilatory equivalents V̇E/V̇O2

and V̇E/V̇CO2, partial pressure of end-tidal oxygen (PETO2)
and carbon dioxide (PETCO2) and respiratory exchange ratio
(RER). For data analysis the breath-by-breath data were exported
as 10 s time-averaged values. Ventilatory thresholds (VT1 and
VT2) were determined post-hoc using the method described
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FIGURE 3 | Example of MT-identification (mitochondrial threshold, vertical

black line). Raw mitoPO2 values of single measurements were smoothed

(locally estimated scatterplot smoothing, LOESS) and the maximum of the

fitted curve was set as MT.

by Westhoff et al. (17). For monitoring reasons according to
guidelines (25, 26), a 12-lead ECG was recorded continuously
throughout the test, blood pressure was measured non-invasively
every 2.5min and oxygen saturation wasmonitored continuously
by pulse oximetry (SpO2).

Capillary Blood Gases (CBG)
After pre-treatment of the right earlobe with Finalgon R© CPD
Wärmecreme, 2 capillary blood samples (80 and 70 µl) for
blood gas analysis were taken at baseline and after 3min into
each load level. One blood sample was analyzed on site using a
GEM Premier 5000 blood gas testing system (Instrumentation
Laboratory, Bedford, United States), the second blood sample
was taken to a Radiometer ABL90FLEX blood gas analyzer
(Radiometer GmbH, Krefeld, Germany) within the same
building but about 75 s away from the study room. A third sample
was used for a lactate measurement with a portable lactate meter
(Lactate Scout 4, EKF-diagnostic GmbH, Barleben, Germany).
Single measurements were obtained for base excess (BE),
total concentration of hemoglobin (ctHb) and ScO2 (capillary
oxygen saturation) (ABL90FLEX), double measurements for
capillary partial pressure of oxygen and carbon dioxide (PcO2,
PcCO2), pH (ABL90FLEX and GEM Premier 5000). Triple
measurements were acquired for lactate (plus Lactate Scout 4)
when possible.

Lactate thresholds (LT1 and LT2) were calculated from
the capillary blood samples (measurements of the different
samples were averaged) taken at each workload level. The
evaluation of the lactate thresholds was done independently

by the examiner (MH) using software written for performance
diagnostics (Ergonizer, Vers. 5.7.3 Build 81, Freiburg, Germany).
The Ergonizer software uses the model of Dickhuth, where the
individual anaerobic threshold (IAS = LT2) is determined as a
1.5 mmol lactate increase above the minimal lactate equivalent
(LT1) (32, 33).

Statistical Analysis
In descriptive analysis, medians and first and third quartiles
(Q1/Q3) are reported. For categorical variables we report absolute
and relative frequencies.

To compare the variables of PpIX-TSLT, CPET (e.g., PETO2,
PETCO2) and CBG between the different metabolic phases, we
performed the following steps: The individual VT1 and VT2were
used to define the aerobic (all data points <VT1), the aerobic-
anaerobic (all data points ≥VT1 and <VT2) and the anaerobic
phase (all data points≥VT2) for each subject. Due to the repeated
measurements design and expected differences in baseline values,
we used linear mixed models. In detail, the variables of PpIX-
TSLT, CPET, and CBG served as dependent variables in the
models. The phase was entered as categorical variable and served
as independent variable (fixed effect). In addition, a random
intercept for every subject was entered in the models. In the
last step the estimated marginal means for the three phases were
compared pairwise using the Tukey method.

To analyze the association between PpIX-TSLT variables and
the variables of CPET and CBG we performed the following
steps: All variables were standardized (mean ± SD: 0±1) before
modeling (mixed models). In all models the PpIX-TSLT variables
served as dependent variables. In the basic models the variables
of CPET and CBG were entered as dependent variables (fixed
effect). Here, the effect of the dependent variable was tested
over all phases. In the next step, we obtained models estimating
regression coefficients for every phase (phase specific models).
Here the specific effect of the dependent variable was tested
simultaneously for all phases. In the last step, the model fits of
the basic models and the phase specific models were compared
to test, if the phase specific models better explain the data. In
addition, a random intercept for every subject was entered in
all models. Because of the large number of tested regression
coefficients, the p-values for mitoPO2, mitoV̇O2, and mitoḊO2

were adjusted using the Bonferroni-Holm method.
The statistical analysis was performed with R [Version 3.5.1,

Vienna, Austria (34)].

RESULTS

Study Sample
Seventeen subjects participated in the study. Three subjects were
excluded from the analysis for the following reasons: (a) wrong
positioning of the ALA patch, which did not allow valid PpIX-
TSLT measurements during CPET, (b) poor signal quality of
PpIX-TSLT measurements for unknown reasons, (c) implausible
CPET values during baseline measurements. The demographic
characteristics of the 14 subjects in the final analysis sample are
displayed in Table 1.
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CPET-Derived Gas Exchange
Measurements: Maximum Power Output
Level, Ventilatory, and Metabolic
Thresholds and Differences in PETO2 and
PETCO2 Between the Different Metabolic
Phases
Table 1 summarizes the maximum power output levels during
CPET. Four subjects terminated CPET at 200W and five subjects
terminated CPET at 250 and 300W, respectively. All subjects

TABLE 1 | Demographic characteristics of the study sample (median, Q1|3: first

and third quartile) and frequencies of individual maximum power output levels

during CPET.

Variable Median Q1 Q3 n

Age (years) 25.50 22.00 30.00 14

Weight (kg) 79.40 73.50 84.68 14

Height (m) 1.81 1.77 1.88 14

Level Maximum phase Cumulative

n % n %

Baseline 0 0 14 100.0

50 (W) 0 0 14 100.0

100 (W) 0 0 14 100.0

150 (W) 0 0 14 100.0

200 (W) 4 28.6 14 100.0

250 (W) 5 35.7 10 71.4

300 (W) 5 35.7 5 35.7

reached at least one of the objective termination criteria and
the subjective termination criterion (Borg exertion, median: 18,
Q1|3: 17|19).

Descriptive statistics on the obtained ventilatory and
metabolic thresholds are displayed in Table 2. LT1 and VT1
were close to each other (median LT1: 116W, median VT1:
111W). LT2 was reached at a median of 156W and VT2 was
reached at a median of 238W. The corresponding gas exchange
variables at the thresholds are also depicted in Table 2. The
individual VT1 and VT2 were used to define the individual
aerobic (<VT1), aerobic-anaerobic (≥VT1 and <VT2), and
anaerobic (≥VT2) phase.

Individual values and model predicted means of selected
CPET variables for the different phases (aerobic, aerobic-
anaerobic, anaerobic) are depicted in Figures 4A–C. There
was a significant drop in mean PETO2 (Figure 4A) in the
aerobic-anaerobic phase compared to the aerobic phase. This
was followed by a significant increase in the anaerobic phase.
Compared to the aerobic phase, mean PETO2 was significantly
higher in the anaerobic phase.

Mean PETCO2 significantly increased in the aerobic-
anaerobic phase compared to the aerobic phase (Figure 2B). This
was followed by a significant decrease in the anaerobic phase.
Compared to the aerobic phase, mean PETCO2 was significantly
lower in the anaerobic phase.

With increasing power output, HR (Figure 4C) significantly
increased from the aerobic via the aerobic-anaerobic to
the anaerobic phase as physiologically expected. This
was also true for V̇O2, V̇E, V̇CO2, and RR. The detailed
descriptive statistics of the main CPET variables are listed in
Supplementary Table 1.

TABLE 2 | Descriptive statistics (median, Q1|3: first and third quartile) on ventilatory, metabolic, and mitochondrial thresholds.

Variable Statistic Value Power Time V̇O2 V̇CO2 RER HR RR PETO2 PETCO2

[W] [s] [%] [l/min] [l/min] [/min] [/min] [mmHg] [mmHg]

LT1 Median 2.0 116 406 40 1.13 1.07 0.91 110 20 96.35 42.05

Q1 1.2 95 274 35 0.87 0.78 0.88 94 17 95.00 41.09

Q3 3.4 134 463 43 1.26 1.16 0.93 123 22 98.88 43.54

VT1 Median 111 365 37 1.09 1.00 0.89 104 17 96.46 42.94

Q1 93 266 35 0.94 0.83 0.87 98 15 93.17 40.24

Q3 118 428 40 1.22 1.10 0.92 117 19 98.61 44.74

LT2 Median 3.5 156 639 56 1.40 1.37 0.99 136 19 98.66 43.50

Q1 2.7 140 538 52 1.25 1.27 0.95 120 17 97.04 42.06

Q3 4.9 196 877 61 1.87 1.91 1.02 140 22 100.49 46.09

VT2 Median 238 1140 83 2.16 2.26 1.06 162 23 100.30 46.94

Q1 214 999 82 2.05 2.17 1.02 154 22 97.09 44.08

Q3 266 1290 88 2.41 2.65 1.10 174 25 101.35 48.46

MT Median 78 173 752 60 1.71 1.64 0.99 143 24 99.79 44.43

Q1 72 142 573 49 1.24 1.19 0.95 119 20 97.71 41.95

Q3 83 190 857 70 1.83 1.95 1.07 154 26 100.66 45.38

In addition, variables of gas exchange and physiological data at the corresponding threshold is shown.

LT1/2: first/second lactate threshold (value in mmol/l), VT1/2: first/second ventilatory threshold, MT: peak of mitochondrial oxygen tension (mitoPO2, value in mmHg), V̇O2: oxygen uptake,

V̇CO2: carbon dioxide output, RER: respiratory exchange ratio, HR: heart rate, RR: respiratory rate, PETO2: end-tidal oxygen tension, PETCO2: end-tidal carbon dioxide tension. Median

values are printed in bold.
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FIGURE 4 | Summary of (A–C) selected variables of CPET (end-tidal oxygen tension, PETO2; end-tidal carbon dioxide tension, PETCO2; heart rate), (D–F) main

variables of PpIX-TSLT measurements (mitochondrial oxygen tension, mitoPO2; mitochondrial oxygen consumption, mitoV̇O2; mitochondrial oxygen delivery,

mitoḊO2 ), and (G–I) variables of the capillary blood gas analysis (partial pressure of oxygen, PcO2; partial pressure of carbon dioxide, PcCO2; lactate). The dots refer

to individual values of the variables during aerobic (ae, <VT1), aerobic-anaerobic (ae/an, ≥VT1 and <VT2), and anaerobic phase (an, ≥VT2). In addition, model

predicted means (squares), corresponding 95% confidence intervals (lines) and adjusted p-values of comparisons between phases are displayed. *p < 0.05, **p <

0.01, ***p < 0.001.
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PpIX-TSLT Measurements: Differences in

MitoPO2, MitoV̇O2, and MitoḊO2 Between
the Metabolic Phases and Description of
the Mitochondrial Threshold
Individual values and model predicted means of the main
PpIX-TSLT variables for the different phases are presented
in Figures 4D–F.

Mean mitoPO2 increased significantly from the aerobic to
the aerobic-anaerobic phase (Figure 4D). This was followed by
a significant decrease in the anaerobic phase, which resulted
in non-significant mean differences between the aerobic and
the anaerobic phase. Correspondingly, in 11 of 14 (78.6%)
subjects, a peak followed by a final decrease or a decrease
from a plateau (2/14, 14%) in mitoPO2 was identified (see
Table 2 and Supplementary Figure 1). In analogy to ventilatory
and metabolic thresholds, we termed this peak mitochondrial
threshold (MT).

The relative location of MT compared to ventilatory and
metabolic thresholds is displayed in Figure 5. In 13 of the
14 subjects, MT occurred later than LT1 and VT1. In one
participant, MT was recorded after LT1 but slightly before VT1.
Median MT was located in the vicinity of LT2 (median difference
in time: −42 s, Q1|3: −200 s | 53 s) and thus occurred slightly
later but close to median LT2 at about 60% of maximum power
output. In all subjects, MT occurred earlier than VT2. MitoPO2

dynamics, selected variables of gas exchange, and corresponding
ventilatory thresholds during baseline and throughout load levels
are summarized in Figure 6.

FIGURE 5 | Boxplots of time differences in lactate (LT1, LT2), ventilatory (VT1,

VT2), and mitochondrial (MT) thresholds. The circles refer to the individual

differences. Negative values indicate a later occurrence of MT compared to the

other thresholds.

There were no significant differences in mean mitoV̇O2

between the three metabolic phases (Figure 4E).
Mean mitoḊO2 increased significantly from the aerobic to the

aerobic-anaerobic phase (Figure 4F). We found no significant
differences in mean mitoḊO2 values between the aerobic-
anaerobic and the anaerobic phase, but mean mitoḊO2 values
were significantly higher in the anaerobic phase compared to
the aerobic phase. The detailed descriptive statistics on the
main variables of the PpIX-TSLT measurements are listed in
Supplementary Table 2.

Differences in PcO2, PcCO2, and Lactate
Between the Metabolic Phases
Individual values and model predicted means of selected CBG
variables for the different metabolic phases are presented
in Figures 4G–I.

Compared to the aerobic phase, mean PcO2 was significantly
lower in the aerobic-anaerobic and in the anaerobic
phase (Figure 4G). There were no significant differences
between the aerobic-anaerobic and the anaerobic phase for
mean PcO2.

Mean PcCO2 was significantly higher in the aerobic-
anaerobic phase compared to the aerobic phase (Figure 4H).
This initial increase was followed by a significant decrease
in the anaerobic phase. Mean PcCO2 in the anaerobic phase
did not differ significantly between the aerobic and the
anaerobic phase.

Mean lactate values increased significantly between the phases
(Figure 4I). The detailed descriptive statistics on the main CBG
variables are listed in Supplementary Table 3.

Associations Between PpIX-TSLT-Derived
Variables and Variables of CPET-Derived
Gas Exchange and CBG
The results of the associative analyses are summarized in
Figure 7.

MitoPO2 and CPET variables showed different associations
throughout the different phases (detailed information is listed
in Supplementary Table 4). CPET variables which increased
over the different phases (V̇E, V̇O2, V̇CO2, RER, RR, and HR)
mainly were positively associated with mitoPO2 values within the
aerobic and the aerobic-anaerobic phase. Most of these relations
reversed within the anaerobic phase. V̇E/V̇CO2 and PETO2

were negatively associated with mitoPO2. PETCO2 was positively
associated with mitoPO2. Nonetheless, there were differences in
the strength of the associations between the phases (better model
fit for the models with phase specific regression coefficients).
PcCO2 was positively and PcO2 was negatively associated with
mitoPO2. The models with specific effects for the phases did not
show a better model fit. Lactate was positively associated with
mitoPO2 values in the aerobic phase.

MitoV̇O2 was negatively associated with V̇E/V̇CO2 and
positively associated with PETCO2 in the anaerobic phase. We
also found a positive association between mitoV̇O2 and ctHb.
However, only the p-value for ctHb in the anaerobic phase
survived adjustment for multiple testing.
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FIGURE 6 | Smoothed course (locally estimated scatterplot smoothing,

LOESS) of mitochondrial oxygen tension (mitoPO2 ), end-tidal oxygen tension

(PETO2), and end-tidal carbon dioxide tension (PETCO2) for all subjects (n =

14). Values of the x-axis (percent ergometry) were scaled individually to the

minimum (first measurement during baseline) and maximum power output

level of the CPET (e.g., last measurement at 250W). The vertical lines indicate

end of baseline (median), first and second ventilatory and lactate threshold

(medians of VT1|2, LT1|2) and mitochondrial threshold (median, MT). In

addition, the gray area marks the interquartile range of MT.

MitoḊO2 was positively associated with variables showing
an increase over the different phases (V̇E, V̇O2, V̇CO2, RER,
RR and HR, Borg scales). In addition, lactate showed a positive
and pH showed a negative association with mitoḊO2 in the
aerobic phase.

DISCUSSION

In this study we performed PpIX-TSLT measurements
simultaneously with a cardiopulmonary exercise test to
analyze mitochondrial oxygen metabolism and its association
with variables of gas exchange and CBG. We found significant
differences in mitoPO2 and mitoḊO2 between the three different
phases during CPET. In the majority of subjects, we observed
a peak in mitoPO2 which we termed mitochondrial threshold
(MT). The peak occurred later than VT1 and LT1, but earlier
than VT2. Its median appearance was timed around LT2. In the
exploratory analysis we found significant associations between
PpIX-TSLT variables and variables of CPET and CBG. Thus,
our results clearly indicate an association between pulmonary
respiration and cutaneous mitochondrial oxygen content during
physical exercise.

Kinetics of MitoPO2
In the group analysis, there was a significant increase of mitoPO2

between the aerobic and the aerobic-anaerobic phase, which
was followed by a significant drop in mitoPO2 in the anaerobic
phase. The increase of mitoPO2 during bicycle ergometry

has already been described in our previous study (7), but
a subsequent decline was not seen. This is possibly due to
the submaximal intensity protocol instead of maximal physical
exertion. Cutaneous mean mitoPO2 measurements at baseline
(mean ± SD: 51.18 ± 21.93 mmHg) were slightly lower than
previous values in humans acquired by the COMET system
(7, 10). This might be due to differences in the study population
[heterogeneous group pertaining to sex and age (7) and sepsis
patients (10) vs. active young male participants] and the different
measurement site (lumbar region vs. chest wall). The even lower
values reported by Harms et al. (9) might be attributed to the use
of a probe with a bigger measurement area in our study [COMET
device (photonicshealthcare.com) vs. a clinical prototype device].
However, the variation of baseline mitoPO2 was similar.

Mitochondrial (MT), Metabolic (LT1 and
LT2), and Ventilatory (VT1 and VT2)
Thresholds
In the majority of the participants, the mitochondrial oxygen
tension increased during exercise until a peak (MT) was reached
and then dropped again. In sports medicine, lactate thresholds
are used to determine training intensities for endurance training
assuming that LT2 denotes more or less accurately the maximum
lactate steady state at which lactate production and elimination
are still balanced. In the review of Faude et al. (18), it is
speculated that working intensities near LT2 may induce a
considerable increase in the oxidative metabolism of muscle
cells, although anaerobic glycolysis is enhanced. Prolonged
training at this power output intensity might stimulate aerobic
metabolism in muscle cells and thus pose an appropriate level
for endurance training. However, there is still debate on the
correct determination of LT2 (18). A relatively new concept
in training prescription is the identification and determination
of training intensities near the critical power (CP), the highest
power output which can be sustained for a longer period of
time under predominantly aerobic conditions (35). In a most
recent meta-analysis, the point in time of reaching CP was
located between the maximal lactate steady state and RCP/VT2
(36), which would be in line with the temporal occurrence of
MT in our study. The idea of using the moment of decline in
mitochondrial performance might pose a new tool of validating
LT2 or even the moment, when critical power is reached. To
our knowledge, the concept of a mitochondrial threshold has not
been proposed before. However, in the study of Römers et al.
mitoPO2 in hemodiluted pigs also behaved threshold-like (37).
Further studies are needed to evaluate these findings.

MitoPO2 and Its Relation to CPET-Derived
Gas Exchange Variables
To our knowledge, data on associations of mitochondrial
oxygen tension with CPET-derived gas exchange parameters
hitherto do not exist. We were able to demonstrate a phase-
dependent association of mitoPO2 with V̇O2 and V̇CO2. During
the aerobic phase, these parameters were positively associated,
reflecting the balance between oxygen uptake and carbon dioxide
elimination on the one side and the simultaneous increase of
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FIGURE 7 | Results of the exploratory analyses on the associations between the variables of PpIX-TSLT measurements (A: mitoPO2, B: mitoV̇O2, C: mitoḊO2),

CPET-derived gas exchange and capillary blood gases (CBG). The first column lists the dependent variables, the second column displays the independent variables.

The overall column indicates the standardized regression coefficients for the independent variable (one coefficient for all three phases, basic models). Asterisks

indicate, if the models estimating separate regression coefficients for the phases show a better model fit compared to the basic models. The columns aerobic,

aerobic-anaerobic and anaerobic display the corresponding standardized regression coefficients for each phase. The column n refers to the number (n) of data points,

which were entered into the model. Regression coefficients with raw p-values ≥0.05 were set to zero (white). Framed cells indicate regression coefficients with

Bonferroni-Holm adjusted p-values <0.05.
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mitochondrial oxygen content on the other side. During the
aerobic-anaerobic transition phase, the positive correlation of
V̇O2 withmitoPO2 continued while a correlation with V̇CO2 was
no longer statistically significant after p-value adjustment. This
might indicate the increasing accumulation and expiration of
additional CO2 accruing from the beginning anaerobic glycolysis.
During the anaerobic phase, both parameters were negatively
associated with mitoPO2. With rising levels of lactic acid, a
huge amount of CO2 is produced by the buffering of H+

ions, so that the intensity of respiration is mainly driven by
the need to eliminate the excess CO2 (14). At the same time,
mitoPO2–derived from mitochondria in skin—declined despite
a further increase in V̇O2. One reason could be that during
anaerobic metabolism mitochondrial oxygen demand is no
longer matched by supply. Another possible explanation might
be that under the conditions of extreme physical exertion, mainly
muscular mitochondria are in need of oxygen and therefore, a
shift of the scarce substrate from skin to muscles is initiated.
According to Boushel et al. muscular mitochondrial respiratory
capacity exceeds maximal oxygen delivery in humans (38),
thus resulting in a competitive situation between muscles and
less active organs. Golub et al. proposed that oxygen demand
increases oxygen supply by incremented diffusion gradients and
a compensatory vascular response (39), which might support
the above-mentioned hypothesis. The simultaneous mitoPO2

measurement in muscular and cutaneous mitochondria might
provide clarification. The closest positive association was seen
between mitoPO2 and PETCO2 for all phases, the best negative
association was between mitoPO2 and V̇E/V̇CO2 followed by
mitoPO2 and PETO2. The latter could be accustomed for by the
mitochondrial oxygen consumption, which consequently leads to
a lower oxygen content in the exhaled air. Since PETCO2 behaves
contrary to PETO2, this possibly explains the association without
being causative.

MitoPO2 and Its Relation to CBG Variables
MitoPO2 was negatively associated with PcO2 in the aerobic and
aerobic-anaerobic phases. Despite a decrease of the mean PcO2

over the three phases, mean mitoPO2 at first increased from
the aerobic to the aerobic-anaerobic phase and then decreased
again in the anaerobic phase. In a hemodilution study in pigs,
Römers et al. found a sudden drop in mitoPO2 at a critical stage
of hemodilution. Although Hb declined with each hemodilution
step, a mitochondrial response was only seen at that critical point
in time (37), hinting at a certain independence of mitochondrial
oxygen tension from Hb levels and thus from arterial oxygen
content before this moment. In contrast, PcCO2 was positively
associated throughout all phases. Since PaCO2 is more or less
consistent with PACO2 (alveolar carbon dioxide partial pressure),
which also is the same as PETCO2 in healthy persons (14),
this was expected. Only during the aerobic phase, lactate was
positively associated with mitoPO2. During aerobic-anaerobic
transition, when anaerobic glycolysis starts and lactate levels
rise, lactate was no longer associated with mitoPO2. An even
negative association was found during the anaerobic phase due
to increasing lactate levels whilst mitoPO2 decreased.

MitoV̇o2: Kinetics and Relation to Variables
of CPET-Derived Gas Exchange and CBG
We observed no significant changes in mitoV̇O2 during exercise.
In the study of Baumbach et al. mitoV̇O2 had significantly
decreased in post-exercise measurements compared to baseline
(7). However, no measurements were obtained during exercise.
The study also differed insofar that only a submaximal power
output was generated and that multiple measurements were done
at each time point. MitoV̇O2 measurements at baseline (4.88
± 3.00 mmHg) were in the range of previous measurements
(7, 9–11). Of the CBG parameters only ctHb showed a positive
association, indicating that mitoV̇O2 might depend on the
oxygen transport capacity of the blood and thus the overall
availability of oxygen.

MitoḊO2: Kinetics and Relation to Variables
of CPET-Derived Gas Exchange and CBG
MitoḊO2 increased from baseline to maximum exertion. In
the study of Baumbach et al. mitoḊO2 tended to increase
from baseline to post-exercise phases, but the increase was not
significant (7). Again, the submaximal power output in that
study and differences in the measurement protocol might explain
the differences. MitoḊO2 values at baseline were 6.78 ± 3.2
and comparable to results from Baumbach et al. (7) and Neu
et al. (10). Since the cardiovascular system is responsible for
the increase in oxygen delivery to the tissues (40), and since
mitoḊO2 mainly reflects reperfusion and thus reoxygenation
after temporary interruption of microcirculation, its positive
association with HR was expected. A positive association with
V̇E, V̇O2 and V̇CO2 also was logical, because intensified
ventilation is followed by increased O2-uptake and also increased
CO2-elimination. However, the continuing increase of mitoḊO2,
while mitoPO2 decreased, might be indicative of a true limit
of the system. Despite an accelerated oxygen delivery, the
demand cannot be met. MitoḊO2 increase might be attributed
to a facilitated oxygen release when pH decreases and body
temperature rises (41) as can be observed during high intensity
exercise. In order to dispense of the extra heat generated by the
physical exercise, skin perfusion is enhanced by vasodilation of
cutaneous vessels and inhibition of the vasoconstrictor tone (40).
This also might contribute to a rise in the slope of cutaneous
mitoPO2 increase after pressure release.

Limitations and Perspective
In the set-up of our trial, mitoPO2 and its derivatives were
analyzed in skin, not muscle. Research by Mellstrom et al. (42)
and Venkatesh et al. (43) demonstrated that subcutaneous tissue
PO2 compares to that of intestinal mucosa and to ileal luminal
PO2, respectively. The rationale would be that oxygen tension
in skin can be used as an indicator of the conditions in other
organs. However, according to clinical and pre-clinical studies in
oncologic dermatology, 5-ALA can only penetrate the epidermis
and the upper layers of the dermis (44), making it difficult to
translate the results of previous investigations to our findings.
In addition, PpIX-TSLT measurements with the COMET device
are restricted to a depth of about 0.1mm in the epidermis (8). In
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a recent study in rats, Wefers-Bettink et al. (45) found similar
mitoPO2 values measured with the probe placed directly on
muscle compared to simultaneous measurements in abdominal
skin at baseline. Yet, after 3 h, muscle mitoPO2 was markedly
higher than skin mitoPO2. This was attributed to wound healing,
nonetheless indicating that mitochondria in different organs
can behave differently depending on local conditions. However,
physical exercise is not limited to muscles but is a condition
that affects the whole organism. Further studies will be needed
to determine, if measurements of mitoPO2 in epidermal cells
represent an overall metabolic marker in the sense of a training
relevant or disease severity indicating threshold.

Hitherto, only little evidence is available regarding intra- and
interindividual variance in the absolute mitoPO2 values (7, 9).
The same is true for the magnitude of mitoPO2 measured by
PpIX-TSLT: earlier methodically different measurements and
estimates ranged lower by one order of magnitude (46, 47).
We found a large interindividual variance in COMET-derived
mitoPO2 measurements, which also was reported in previous
studies (7, 10). The COMET system is a novel device for which
influencing factors are studied only to some extent and in small
groups of participants. The measurements deviate from previous
measurements with a prototype device (9). Moreover, normal
values do hitherto not exist. Therefore, further studies with larger
cohorts of healthy people are required to define reference values
and influencing variables. Overall, mean changes in mitoPO2

and mitoḊO2 during the phases were highly significant, but
compared to previously published data on stability of these
variables (mitoPO2 | mitoḊO2, standard error of measurement:
10 mmHg | 1.5 mmHg/s, minimum detectable difference: 30
mmHg | 4 mmHg/s) the differences were rather small. In
accordance to the high interindividual variance, we also observed
a high intraindividual variance regarding changes in mitoPO2

over the metabolic phases (Supplementary Figure 1).
We found several statistically significant associations between

variables of PpIX-TSLT, gas exchange and CBG. Nonetheless,
only a small proportion of the variance (48) in mitoPO2,
mitoḊO2 and mitoV̇O2 could be explained by the independent
variables (R2

marginal for all models <0.15, median: 0.07, Q1|3:

0.046 | 0.104). As described in the last paragraph, interindividual
differences (modeled as random intercept) explained a much
larger part of the variance (R2

conditional−marginal, median: 0.56,

Q1|3: 0.46 | 0.61).
In our study we chose a graded exercise protocol with a

relatively long duration of each load level in order to achieve a
steady state. It is known that this type of protocol is favorable
for blood lactate determination (49) but no so valuable for the
identification of ventilatory thresholds (50). Nonetheless, it was
shown in several studies that the determination of ventilatory
thresholds is also feasible, when an incremental test design with
steps of longer duration is used (32, 51).

Although a mitochondrial threshold was identified in the
majority of subjects, its exact timing depended on the smoothing
algorithm and might have been influenced by outlier values.
Furthermore, mitoPO2 single measurements might have been
influenced to some degree by the intermediate dynamic
measurements (e.g., rebound effect after reoxygenation). The

measurements should be repeated using different protocols, e.g.,
ramp vs. stepwise protocol or shortened duration of workload
levels, in order to create a more continuous rise in power output
intensity. Furthermore, mitoPO2 single measurements should
not be interrupted by dynamic measurements. The simultaneous
use of a second COMET systemmight be a reasonable alternative.

In our study population V̇O2max on average was lower than
mostly reported in the literature (see Supplementary Table 5).
E.g., according to Heyward, a relative V̇O2max of 42–45
ml/kg/min in 20 to 29-year-old men compares to a just moderate
fitness level (52). In line with this, physically active students
reached a V̇O2max of about 49ml/kg/min in a study of Boone et al.
(53). In contrast, Zoll et al. reported a V̇O2max of 36 ml/kg/min in
physically active volunteers (54), which is more congruent with
our findings. According to the recently in Germany executed
population based Study of Health in Pomerania (SHIP) (55),
which sought to implement reference values for CPET, the
V̇O2max values of the participants in our study were above the
5th quantile of age-, sex-, and weight-adjusted expected values.
The following mechanisms and conditions might have affected
V̇O2max: We did not ask the participants to refrain from exercise
for 48 h prior to the test, nor did we give dietary instructions.
The time of day varied among the tests. All three aspects
are known to influence gas exchange parameters (14, 56). In
addition, the relatively long duration of the test and also of the
single load increments as well as the type of protocol (graded
increments vs. ramp) might have contributed to our diverging
results (53, 56, 57). Another mechanism that might have had
an impact on V̇O2max was the presence of light to moderate
exercise induced arterial hypoxemia (EIAH) in 6 participants
assessed by ScO2. This condition is found mainly in habitually
active persons but also in athletes at a percentage of up to
50% and can negatively influence V̇O2max (58). However, our
study set-up was designed as a pilot study to test gas exchange
and metabolic variables against a novel technique for measuring
mitoPO2. Thus, the absolute values of the mentioned variables
were of minor importance.

Last but not least, the question remains how our findings can
be put into the context of intensive care medicine and serious
systemic disease such as sepsis. The mitochondrial threshold
possibly indicates a breakpoint inmitochondrial performance. As
such, the MTmight well be a marker for the point of no return in
the course of disease. It has already been shown that in planned
procedures like, e.g., surgery, monitoring of mitoPO2 is feasible
and more sensitive than classical parameters (8). In the case of
sepsis however, this would require the possibility of early and
continuous monitoring. This would necessitate a faster uptake of
5-ALA in cutaneous cells and a prolonged availability after a one-
time-application. Pharmacologic modifications to the 5-ALA
patch could solve the problem. If it is possible to overcome these
difficulties, the technique might develop into a useful instrument
for the timing of interventions in critical illness.

CONCLUSION

In this pilot study we demonstrated that PpIX-TSLT
measurements of mitoPO2, mitoV̇O2, and mitoḊO2 with
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the COMET device are feasible simultaneously with CPET.
Furthermore, we showed that mitoPO2 and mitoḊO2 measured
in skin are associated with gas exchange and CBG derived
variables during exercise to exhaustion. Interestingly, we found a
decline in mitoPO2 after a peak or plateau (MT), which occurred
between VT1 and VT2 around LT2. Because aerobic energy
production originates from mitochondria, this phenomenon
might well be indicative of a breakpoint in performance and
could pose a valuable instrument in performance diagnostics as
well as in serious disease. As our study population comprised of
only 14 subjects, the results will have to be validated in larger
cohorts and future studies should aim to relate mitochondrial
oxygen kinetics not only to parameters of high-performance
sports but also to such of critical illness.
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Supplementary Figure 1 | Smoothed course of mitochondrial oxygen partial

pressure (mitoPO2 ) during cardiopulmonary exercise testing for every study

subject. The gray dots indicate raw mitoPO2 values and the blue line indicates the

fitted regression line using locally estimated scatterplot smoothing (LOESS, span

= 0.75, degree = 2). The gray area depicts the 95% confidence interval. The

individual mitochondrial threshold is marked with the black vertical line. It marks

the maximum (ID 1, 2, 5, 6, 8, 9, 10, 11, 12, 15, 16) or local maximum (ID 3, 4, 13)

of the fitted regression line.

Supplementary Tables 1–3 | Detailed descriptive statistics on all variables of

CPET, PpIX-TSLT measurements and capillary blood gas analyses and estimated

marginal means and contrasts for selected variables of CPET, PpIX-TSLT

measurements and blood gas analyses.

Supplementary Table 4 | Coefficients of the regression models analyzing the

association of variables of PpIX-TSLT measurement, CPET and capillary blood gas

analyses.

Supplementary Table 5 | Detailed description of the V̇O2max for all subjects.
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