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Objective: Adequate oxygenation is essential for the preservation of organ function
during cardiac surgery and cardiopulmonary bypass (CPB). Both hypoxia and hyperoxia
result in undesired outcomes, and a narrow window for optimal oxygenation exists.
Current perioperative monitoring techniques are not always sufficient to monitor
adequate oxygenation. The non-invasive COMET® monitor could be a tool to monitor
oxygenation by measuring the cutaneous mitochondrial oxygen tension (mitoPOs).
This pilot study examines the feasibility of cutaneous mitoPO» measurements during
cardiothoracic procedures. Cutaneous mitoPO» will be compared to tissue oxygenation
(StO») as measured by near-infrared spectroscopy.

Design and Method: This single-center observational study examined 41 cardiac
surgery patients requiring CPB. Preoperatively, patients received a 5-aminolevulinic
acid plaster on the upper arm to enable mitoPO, measurements. After induction
of anesthesia, both cutaneous mitoPO» and StO, were measured throughout the
procedure. The patients were observed until discharge for the development of acute
kidney insufficiency (AKI).

Results: Cutaneous mitoPO» was successfully measured in all patients and was 63.5
[40.0-74.8] mmHg at the surgery start and decreased significantly (p < 0.01) to 36.4
[18.4-56.0] mmHg by the end of the CPB run. StO» at the surgery start was 80.5
[76.8-84.3]% and did not change significantly. Cross-clamping of the aorta and the
switch to non-pulsatile flow resulted in a median cutaneous mitoPO, decrease of 7
mmHg (o < 0.01). The cessation of the aortic cross-clamping period resulted in an
increase of 4 mmHg (p < 0.01). Totally, four patients developed AKI and had a lower
preoperative eGFR of 52 vs. 81 ml/min in the non-AKI group. The AKI group spent 32%
of the operation time with a cutaneous mitoPO» value under 20 mmHg as compared to
8% in the non-AKI group.

Conclusion: This pilot study illustrated the feasibility of measuring cutaneous mitoPO»
using the COMET® monitor during cardiothoracic procedures. Moreover, in contrast to
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median, IQR box, and whisker 1.5 times IQR.

FIGURE 3 | First and last four values during CPB, COMET® cutaneous mitoPO, n = 41, **p < 0.01, INVOS® StO,, n = 31, p = not significant (NS). Boxplot with

and End Cutaneous MitoPO, and StO, Comparison. They all
had a decrease in the cutaneous mitoPO, during the CPB runs.

A longer duration of CPB run times resulted in lower
cutaneous mitoPO, levels. However, StO, showed no clear
changes during CPB, as illustrated in Figure 4B.

Effect of Aortic Cross-Clamping

To determine the effect of aortic cross-clamping on the cutaneous
mitoPO;, two methods were used. The first method investigated
cutaneous mitoPO; pre- and post-aortic cross-clamping.

Effect of Aortic Cross-Clamping

When the aortic cross-clamp was set, the median cutaneous
mitoPO; decreased by 7 mmHg, n = 41, p < 0.01, and when it
was released, it increased 4 mm Hg, n = 41, p < 0.01, as seen in
Figure 5.

Effect of Aortic Cross-Clamping at the Start of CPB

Within the second method, the non-pulsatile flow occurred
during the 20-min window after commencing extracorporeal
circulation during valve surgery n = 19 and was compared to
the CABG group n = 8, in which the aortic cross-clamp has not
been placed. The cutaneous mitoPO, was 17.7 mmHg lower in
the valve surgery group than in the CABG group n = 8, 48.4 £+
28.8 vs. 66.0 = 21.7 mm Hg, p = 0.03. This is shown in Figure 6.

Time Below the Cutaneous MitoPO»

Threshold in Correlation With Kidney Injury
Totally, four of the 41 included patients, 9.8%, developed
postoperative CSA-AKI according to the AKICS criteria (22).
Figure 7 shows the calculation method that determines the
number of minutes the cutaneous mitoPO, was below the
set threshold.

Within the AKI and non-AKI groups, the number of min
below 20 mmHg, between 20 and 40 mmHg, and above 40 mmHg
was examined. This resulted in a 50-min median difference
in duration in the lowest cutaneous mitoPO, group between
AKI (58 min, n = 4) and non-AKI (8 min, n = 37). The other
threshold levels did not show larger differences, as seen in
Figure 8A.

When examining the percentage of the procedure time spent
below the 20 mmHg threshold, the AKI group spent 32% of the
CPB run time below this threshold, whereas the non-AKI group
spent 8% of the CPB run time below this threshold, as seen in
Figure 8B.

DISCUSSION

This pilot study demonstrates that it is feasible to examine
cutaneous mitoPO, in patients undergoing cardiothoracic
surgery requiring a CPB. Cutaneous mitoPO; was successfully
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FIGURE 4 | (A) Distribution of cutaneous mitoPO, during CPB and (B) distribution of StO, during CPB, with the start of CPB at t = 0. Dots represent the mean value
of patient-averaged cutaneous mitoPO, per 10-min window. Whiskers demonstrate the standard deviation. Bars represent the number of patients.
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FIGURE 5 | Cutaneous mitoPO, values before and after aortic clamping and cutaneous mitoPO, values before and after the release of aortic clamping. WU test

paired p < 0.01***,

measured intraoperatively using the COMET® device based on  procedures as all 41 patients were measured successfully without

the PpIX-TLST to monitor oxygen delivery on a mitochondrial ~ any major incidents.
level (7). Moreover, it was also evident that it was logistically The COMET® enables the non-invasive measurement of

feasible to measure the cutaneous mitoPO; during cardiothoracic ~ in vivo cutaneous mitoPO, values. In this study, the mean
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FIGURE 6 | Comparison between valve surgery aortic cross-clamp period and
CABG non-aortic cross-clamp period. An average of the 20-min data window
after the extracorporeal circulation has been running for 15 min per patient.
Mean SD plot of cutaneous mitoPOs. *indicates a statistically significant
difference p < 0.05.

cutaneous mitoPO, level at the start of surgery was 62 + 23
mmHg, which is in-line with the typically reported cutaneous
mitoPO; levels under baseline circumstances of 40-70 mmHg
(9, 23). This is substantially higher than the classically derived
and theorized mitoPO, values, which are based on a gradual
decline in PO, from the vascular, interstitial, and cytosolic
compartments (24-26). Historically, most studies reported low
compartmental/tissue PO, levels, with values ranging from 10
to 17 mmHg based on measurements using oxygen electrodes
(27, 28). This has resulted in the classically derived and
estimated mitoPO, values of several mmHg (24-26). However,
after the introduction of less invasive measurement techniques,
it was found that tissue oxygen levels were substantially
higher than those measured by oxygen electrodes (29). This
has been exemplified by Bodmer et al. through the use of
phosphorescence-based microvascular PO, measurements of the
liver in which they measured tissue oxygen values of 60 mmHg
(30), as opposed to classical studies using oxygen electrode
measurements in which the measured tissue oxygen was between
10 and 20 mmHg (31). These recent insights into microvascular
PO, suggest that the classical estimations of mitoPO, are
potentially underestimated and are likely to be in the order of
several tens of mmHg (32-34). This is in line with the average
cutaneous mitoPO; as measured by the COMET®,

It is important to note that cutaneous mitoPO, as measured
with the COMET® monitor is an average mitochondrial oxygen
tension in the measurement area under the COMET® sensor and
not the oxygen tension of a single mitochondrion. The oxygen
tension in individual mitochondria is heterogenic because of

the presence of an oxygen gradient necessary to drive the
oxygen flux. The mitochondria in the measurement site have
differing mitoPO, values influenced by the location of each
mitochondrion and its oxygen consumption rate. Mitochondria
in close proximity to large vessels can have a higher oxygen
tension than capillaries, and mitochondria located further away
from capillaries and large vessels have a lower mitoPO; (35).
Our current understanding of mitoPO, advocates that it should
be interpreted as an oxygen balance, depending on both oxygen
supply and consumption (36).

The information emphasized in the previous two paragraphs
is important for the interpretation and understanding of the
cutaneous mitoPO,. Until now, there is no clear threshold at
which it is safe to say that the cutaneous mitoPO, as measured
by the COMET® is too low and at which point an intervention
must be made to increase it. In general, our knowledge about
in vivo mitochondrial oxygen tension and oxygen-dependent
functional and metabolic adaptation is limited. In vitro studies
have previously shown that tissue cells start adapting to available
oxygen at higher mitochondrial oxygen levels than isolated
mitochondria. Isolated mitochondria only experience oxygen-
limited ATP production at very low mitochondrial oxygen
levels (<2 mmHg). This is due to the high oxygen affinity
of the mitochondrial respiratory chain (37). However, a study
examining physiological hearts found that tissue cells started
adapting to available oxygenation levels at values as high as 20—
40 mmHg (38). This oxygen dependence is driven by oxygen-
sensing mechanisms such as the hypoxia-inducible factor (38-
40). Such mechanisms result in oxygen-limited ATP production
at much higher oxygen levels than previously assumed. However,
as mitoPO; is an averaged value of all the mitochondria measured
using a sensor, a low mitoPO; value could indicate that some
of these mitochondria are hypoxic and in a state of shock while
others are not. In order to improve the understanding and
interpretation of cutaneous mitoPO,, multiple clinical trials are
currently being conducted.

NIRS was included in this study as it is a clinically
available means to non-invasively assess tissue saturation, a
measure for tissue oxygenation but actually measured in the
vasculature. Unlike NIRS, in which the tissue saturation values
are not calibrated, the values of the cutaneous mitoPO, are
calibrated (9). In contrast to the changes exhibited by the
cutaneous mitoPO, during the CPB run times, StO, measured
by NIRS did not show any significant changes. In our patient
cohort, only during extreme intraoperative events such as
deep hypothermia with circulatory arrest, StO, decreased.
This apparent earlier or more sensitive response of cutaneous
mitoPO; to microcirculatory alterations than NIRS has been
previously demonstrated in a hemodilution study on pigs.
During hemodilution, cutaneous mitoPO, dropped well before
StO, did (15).

In this study, we found that cutaneous mitoPO, progressively
decreases with the length of the CPB run time. This is
further highlighted when comparing the baseline cutaneous
mitoPO, at the start of the CPB and the cutaneous mitoPO,
at the end of the CPB run, which was significantly reduced.
However, after a CPB run time of 180min, there were
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case, the cutaneous mitoPO, was below the threshold for 13 min.
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FIGURE 7 | Example of minutes below threshold calculation. The dots are cutaneous mitoPO, values, and the dashed line is the threshold set at 20 mmHg. In this

few patients left; this potentially resulted in a bias as the
differences in cutaneous mitoPO, were especially pronounced
after 180 min. As previously mentioned in the Introduction,
long CPB run times are associated with poor clinical outcomes
(17). This can be due to a myriad of factors, one of
which is that patients with prolonged CPB run times are
often in a worse preoperative clinical condition requiring
more complex surgeries than those with shorter run times
augmenting the effect of the CPB run times. However, it is
widely understood that a CPB with extracorporeal circulation
results in multiple physiological changes such as decreased
blood pressure, hemodilution, hypothermia, hyperoxia, and
cardiac arrest, and each of these negatively influences the
microcirculation (41). Moreover, the heart-lung machine also
influences the pharmacokinetics of drugs during CPB run times
(42). The heart-lung machine itself negatively impacts the
microcirculation as contact of the non-endothelialized synthetic
surface with the patient’s blood leads to an activation of the
innate immune system; this immune reaction associated with
CPB carries many similarities to the systemic immune response
syndrome (19, 43, 44).

Currently, there is still no consensus on whether pulsatile
or non-pulsatile flow is preferred during CPB mainly because

no clinical difference in outcome can be found, and there
is a lack of clinical monitoring techniques to monitor the
differences. This study attempted to evaluate if mitoPO, could
detect changes related to pulsatile flow. This was attempted
by comparing two distinct surgery groups, namely, the CABG
group and the valve surgery group. As previously discussed in
the Methods section, these two groups have different states of
flow after commencing CPB. Due to the differing aortic cross-
clamping times, after cross-clamping, the continuous blood flow
is a result of the CPB pump. Cutaneous mitoPO; decreased
significantly when the aorta was cross-clamped and increased
significantly upon release and re-establishment of partial cardiac
output. Other studies demonstrated similar results to Koning
et al., showing that the initiation of non-pulsatile flow reduced
microcirculatory perfusion and oxygenation (45). Furthermore,
when comparing on-pump vs. off-pump surgeries, studies have
shown that off-pump CABG surgeries resulted in a less significant
decrease in microcirculatory perfusion and oxygenation than
on-pump CABG surgeries (41, 46). This can partially be
explained by the fact that rhythmic flow variations allow for
increased oxygen offloading in the microcirculation (41, 47).
These aforementioned studies further reinforce the fact that non-
pulsatile flow results in a poor microcirculatory environment,
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FIGURE 8 | (A) Absolute time within cutaneous mitoPO, ranges for AKI (n =
4) patients and non-AKI (n = 37) patients. The cutaneous mitoPO, ranges
were below 20 mmHg, between 20 and 40 mmHg, and above 40 mmHg.
Boxplot with median, IQR box, and whisker 1.5 times IQR, and outliers are not
shown. (B) Time spent within a range as a proportion of CPB/extracorporeal
circulation duration. Proportion is achieved by dividing the number of minutes
below the threshold by CPB duration.

concurring with the cutaneous mitoPO, measurements found in
this study.

The changes in cutaneous mitoPO, during aortic cross-
clamping and before aortic cross-clamping were not only
witnessed on an individual level, as previously mentioned, but
also witnessed when comparing patients undergoing CABG and
patients undergoing valve surgery. This is because these surgeries
have different aortic cross-clamping times after commencing
extracorporeal circulation and thus different moments in time
when the aorta is cross-clamped. The cutaneous mitoPO, was
significantly higher during the period in which cardiac output
with extracorporeal circulation co-existed in the 15- to 35-
min time frame after commencing CPB in the CABG cohort

than during the immediate aortic cross-clamping and CPB
flow during valve surgery. This further exemplifies that the
patients’ own cardiac output most likely improves the oxygen
availability in the skin during cardiothoracic surgery requiring
a CPB.

The development of AKI is a major postoperative
complication after cardiothoracic surgery with an occurrence of
approximately 18% (1). The causes of AKI are multifactorial in
origin, with no clear single parameter or factor augmentation
to prevent AKI. Hypotension and anemia, both of which
result in decreased oxygen delivery capacity, will synergistically
contribute to the development of AKI (48). However, the
cutaneous mitoPO, measured the overall end result of oxygen
delivery in which all the factors that potentially contribute to
the development in AKI play an important role. Therefore, it is
hypothesized that the cutaneous mitoPO, might just be sensitive
enough to detect potential perfusion issues. This is mainly due to
the fact that poor perfusion in the skin and gastrointestinal tract
usually prelude poor perfusion in other organs (49). Cutaneous
mitoPO, can be measured as the accumulated time below a
certain low oxygen level threshold potentially, highlighting
poor perfusion. In this study, a method has been developed to
determine the amount of time in minutes below a set threshold
of cutaneous mitoPO,.

When comparing the duration of time that the cutaneous
mitoPO, was below a certain threshold in the AKI and the
non-AKI group, an association was found between the duration
of time they were below certain thresholds. This is most
evident when the cutaneous mitoPO, was below 20 mmHg
where the AKI group spent more time below this threshold in
absolute minutes and as a percentage of the operation’s duration.
However, there was a bias in these data as the more prolonged
procedures also had generally lower cutaneous mitoPO, values,
and the negative effects associated with prolonged CPB run times,
such as an increased inflammatory response, also become more
pronounced (17). Itis also important to note that the eGFR in the
AKI group was lower than that in the non-AKI group as a lower
eGFR is a risk factor for the development of AKI. Nonetheless, as
this study was not powered for an AKI and non-AKI comparison,
it is not possible to draw any substantial conclusions,
but this is of great interest in further research utilizing
the COMET®.

In conclusion, this pilot study was successful in demonstrating
the feasibility of this measurement technique during
cardiothoracic surgical procedures. Cutaneous mitoPO,
seems more sensitive to hemodynamic alterations during these
surgeries than StO;. The COMET® device could potentially
become a vital supplementary monitoring technique during
cardiothoracic surgeries; however, further specific research must
be conducted to prove this.
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