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RESEARCH ARTICLE

A simulation of skin mitochondrial Po, in circulatory shock

Bashar N. Hilderink,! Reinier F. Crane," Meryem Baysan,? Sesmu M. Arbous,? Bas van den Bogaard,’
Egbert G. Mik,2 Can Ince,? Janesh Pillay,® and Nicole P. Juffermans™*
'Department of Intensive Care, OLVG Hospital, Amsterdam, The Netherlands; 2Department of Intensive Care, LUMC, Leiden,
The Netherlands; *Laboratory of Experimental Anesthesiology, Department of Anesthesiology, Erasmus Medical Center,
Rotterdam, The Netherlands; *Laboratory of Translational Intensive Care, Erasmus MC, University Medical Center, Rotterdam,
The Netherlands; and ®Department of Critical Care, University Medical Center Groningen, University of Groningen,
Groningen, The Netherlands

Abstract

Circulatory shock is the inadequacy to supply mitochondria with enough oxygen to sustain aerobic energy metabolism. A novel
noninvasive bedside measurement was recently introduced to monitor the mitochondrial oxygen tension in the skin (mitoPo,).
As the most downstream marker of oxygen balance in the skin, mitoPo, may provide additional information to improve shock
management. However, a physiological basis for the interpretation of mitoPo, values has not been established yet. In this paper,
we developed a mathematical model of skin mitoPo, using a network of parallel microvessels, based on Krogh’s cylinder model.
The model contains skin blood flow velocity, heterogeneity of blood flow, hematocrit, arteriolar oxygen saturation, and mitochon-
drial oxygen consumption as major variables. The major results of the model show that normal physiological mitoPo, is in the
range of 40—-60 mmHg. The relationship of mitoPo, with skin blood flow velocity follows a logarithmic growth curve, reaching a
plateau at high skin blood flow velocity, suggesting that oxygen balance remains stable while peripheral perfusion declines. The
model shows that a critical range exists where mitoPo, rapidly deteriorates if skin perfusion further decreases. The model intui-
tively shows how tissue hypoxia could occur in the setting of septic shock, due to the profound impact of microcirculatory dis-
turbance on mitoPo,, even at sustained cardiac output. MitoPo, is the result of a complex interaction between all factors of
oxygen delivery and microcirculation. This mathematical framework can be used to interpret mitoPo, values in shock, with the
potential to enhance personalized clinical trial design.

NEW & NOTEWORTHY This is the first paper to simulate mitochondrial oxygen tension in skin in circulatory shock. The relationships
of mitoPo, with parameters of (microcirculatory) oxygen delivery aid in the understanding of noninvasive bedside measurement of
mitoPo, values and show that mitochondrial oxygen tension is two orders of magnitude higher than classically assumed. The model
can be used to enhance clinical trial design investigating mitoPo, as a resuscitation target in circulatory shock.

mathematical model; mitochondrial oxygen tension; mitoPo,, oxygen, shock

INTRODUCTION

Circulatory shock is considered as the inadequacy of the car-
diovascular system to supply enough oxygen to maintain aero-
bic cellular respiration. Ensuring adequate tissue oxygenation
of the vital organs in the presence of critical illness is the cen-
tral dogma of intensive care medicine. Historically, the corner-
stone of resuscitation has conventionally been to restore macro
hemodynamic parameters (such as mean arterial pressure and
cardiac output) to normal levels, presuming that this would
improve cellular oxygen availability. However, it is widely
established that restoration of macro hemodynamic variables
in shock often is dissociated from an improvement in cellular
oxygen deficit, and consequently, from patient outcome (1).
Thereby, the focus of shock management has shifted toward
surrogate markers of microcirculation and oxygen supply and
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demand balance. Lactate, capillary refill time (CRT), sublingual
dark-field imaging (SDF), and near-infrared spectroscopy
(NIRS) are used as a proxy of cellular oxygen deficit in shock
and as triggers to guide interventions. However, these are indi-
rect markers, contributing to the risk of over- or under-resusci-
tation, both of which are associated with adverse outcomes (2).

Theoretically, the most downstream marker of oxygen sup-
ply and demand balance would be at the level of the mito-
chondria in the vital organs (3). The recent development of
the protoporphyrin-IX delayed fluorescence lifetime tech-
nique (PpIX-TSLT) allows for real-time noninvasive assess-
ment of mitochondrial oxygen tension (mitoPo,) in skin. This
technique requires saturation of the heme synthesis pathway
by applying a skin patch containing 5-aminolevulinic acid
(ALA) (4, 5). In multiple animal experimental models and
human pilot studies, this technique was able to indicate
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impaired mitochondrial oxygen availability at the organ level,
even before deterioration of other markers of tissue hypoxia,
such as an increase in lactate (6-8). As skin mitoPo, is also eas-
ily accessible for measurement, it may be a promising marker
of shock and potentially an ideal endpoint of resuscitation.

However, because of the novelty of this technique, a phys-
iological interpretation of mitoPo, is lacking. Such a founda-
tional framework is required to interpret mitoPo, values in
the eventual monitoring and treatment of circulatory shock.
It would otherwise remain unclear which mitoPo, values
indicate adequate tissue oxygenation and which values indi-
cate a deficit in oxygen delivery and thus a potential trigger
for resuscitative interventions.

The majority of models focus on brain or skeletal muscle
tissue oxygenation (9-13). Mathematical models of skin tis-
sue oxygenation have remained lacking due to the absence
of interest in the oxygen supply to the skin in critical care
and exercise physiology. Skin mitoPo, is thought to reflect
total body oxygen debt and is presumed to reflect the micro-
circulation (6, 14). However, many questions remain regard-
ing its interpretation. How does mitoPo, respond to changes
in skin perfusion? To what extent do other parameters of ox-
ygen delivery and the microcirculation affect mitoPo, and
how does the dependency of mitoPo, on skin perfusion
change when these variables are changed? And importantly,
can mitoPo, indicate tissue hypoxia in the setting of hyper-
dynamic shock?

In this paper, we developed a mathematical model of mi-
tochondrial oxygen tension to understand the behavior of
skin mitoPo, in the context of circulatory shock using a net-
work of parallel microvessels, based on Krogh’s cylinder
model.

METHODS

Study Procedures

We model skin mitoPo, in the context of circulatory shock.
As mitoPo, is only clinically measurable on skin, we use the
term mitoPo, to refer to skin mitochondrial oxygen tension.
We simulate mitoPo, as a function of the most often altered
parameters in shock: skin perfusion (skin blood flow velocity),
hematocrit, arterial oxygen saturation (arteriolar), oxygen uti-
lization/consumption, and microcirculatory dysfunction (flow
heterogeneity, decrease in microvessel density, and diffusion
impairment). MitoPo, is modeled as a function of skin micro-
circulatory parameters. However, many microcirculatory pa-
rameters differ in definition and values from their systemic
counterparts, i.e., systemic versus microcirculatory hemato-
crit. As such, to enhance clinical interpretation of our model,
the microcirculatory parameters and constants are derived
from the systemic values.

First, we simulate mitoPo, as a function of skin blood flow
velocity, with all other parameters held constant. Next, we
expand by varying additional variables to investigate how
this relationship is shifted when oxygen saturation, hemato-
crit, and oxygen consumption change. To account for micro-
circulatory disturbances in our model, we first analyze the
sensitivity of mitoPo, to variation in capillary density, heter-
ogeneity, and diffusivity and simulate the effect of the most
commonly found microcirculatory disturbances in shock.

1166

Second, we investigate how shock alters mitoPo, by model-
ing simultaneous changes in peripheral perfusion, microcir-
culatory heterogeneity, and oxygen saturation.

We use the Krogh cylinder model as the basis of our
model and expand it to account for an array of these cylin-
ders, to reflect a network of microvessels in the skin. The
most significant assumptions of our modified Krogh
model are 1) no discrete arteriolar wall resistance to diffu-
sion, 2) tissue O, consumption is uniform, 3) all microves-
sels are parallel, unbranched, and equally spaced, and 4)
capillaries and first-order arterioles (diameter 10 um) are
the only microvessels that play a role in O, transport.
More complex models of unequal-spaced networks have
been developed to circumvent these assumptions and to
account for arteriovenous and intercapillary oxygen diffusion
(9). These models approximate experimental data of critical
extraction ratios in muscle better. However, analytical studies
have shown that the simplifications of the Krogh model
mostly impact predictions of O, extraction at the capillary
edge but not the center (15). No experimental data are avail-
able on the arteriolar wall resistance to oxygen diffusion but
modeling studies have shown that it is close or equal to that
of the surrounding tissue as first-order arterioles are com-
posed of endothelium and a layer of smooth muscle cells
(16, 17). Therefore, these assumptions will have only minor
effect on the average tissue oxygen tension.

MATLAB (Mathworks Inc, Natick, MA) is used to computa-
tionally solve the equations with the parameters and con-
stants shown in Table 1 and to produce the graphs.

Clinical Validation of the Model

We validate our model findings by fitting a selection data
of yet unpublished data from another clinical study of 44
patients after cardiac surgery. All study procedures were
performed in accordance with the relevant guidelines and
regulations.

Lactate levels of these patients were recorded bihourly con-
currently with mitoPo, measurements. We fit the lactate level
as measure of anaerobic metabolism to the predicted relation
of mitoPo, with skin oxygen extraction ratio (OER) which is
the ratio of oxygen consumed (V0,) to oxygen supply (Do,)
and is calculated using the relationship OER=Sa0, —
SvmicO,/Sa0, where SvmicO, is the outflow oxygen saturation
at the end of the microvessel. As such, mitoPo, is related to a
well-understood and, at a systemic level, clinically measurable
parameter of oxygen delivery. The critical skin OER, at which
anaerobic metabolism occurs, is assumed 0.6 (35), equal to the
global systemic critical OER, as no experimentally determined
value of OER specific to the skin is available. The clinical data
are fitted to a model with baseline parameters and varying
SKBV.

The Mathematical Model

We model mitoPo, using the Krogh cylinder model of a
single microvessel, see Fig. 1 (arteriolar and capillary).
MitoPo, is the average tissue Po, around all the microvessels
in the area of interest. The tissue Po, around a single micro-
vessel is the volume-averaged triple integral of the Po, at ev-
ery point [POyissue(?,2)] around this cylinder, where r is the
radial distance and z is the longitudinal distance (see Fig. 1).
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Table 1. Parameter and constant values used in model

Parameter Value
Tissue cylinder radius, R, 60 pm (18, 19)
Microvessel radius, R 10 um (20)
Microvessel hematocrit, H 0.31(21-23)
Inflow Hb saturation into microvessel, SaO, 92% (24-26)

02t005x10°*
mLO,/mL/s (27)

0.05 cm/s (28)

0.01t0 0.09 (29)

Skin oxygen consumption, m

Baseline value of skin blood flow velocity, v
Skin blood flow heterogeneity, ¢

Krogh coefficient of tissue, K; 1%x107° (30)
Krogh coefficient of extracellular fluid, Ko 8.3 x 107" (31)
Volume fraction of extracellular space ¢ 0.2 (32, 33)

This is expressed mathematically as:

tissueP O, around single microvessel

1 2nLR,
= Volume J J JPOZIixxue ("7 Zy e)drdZde (1)
00,

To obtain the mitoPo,, tissuePo, of all the microvessels is
averaged:

. tissueP O single microvessel
mitoPO, = 2 &

number of microvessels @)

The Po, of the tissue cylinder around a single microvessel
can be found using the Krogh-Erlang equation, which com-
putes the Po, at every point around a microvessel from the
capillary oxygen tension at a certain distance z and radial
distance r from the entrance of the capillary [P.ap(2)]. At each
incremental distance, oxygen is “lost” to the tissue depend-
ing on the oxygen consumption (m), the oxygen diffusivity
(D), the solubility coefficient of oxygen in tissue (a), the ra-
dius of the tissue cylinder in cm (R,), and the radius of the
capillary in cm (R.) (9, 10, 36-39):

m (R* r
Piissue (1’7 Z) = P"”/’ (Z) B m TlnR_
B

This gives rise to estimation of the tissue oxygen tension.
To estimate the intramitochondrial oxygen tension, resist-
ance of the tissue that is supplied by the cells must be com-
puted. This resistance to diffusion is greater due to the
higher concentration of protein contained in cells. The re-
sistance to diffusion by cells requires a different computa-
tion of the Krogh constant. The following formula (Eq. 4) to
calculate the separate Krogh diffusivities was developed and
validated previously (40-42):

K= oK. + (1- @)K, (4)

K, is the tissue Krogh constant, K, is the Krogh constant
of the extracellular fluid, and K., is the Krogh constant of
the cells. The Krogh constant is the product of diffusivity
(D) and solubility (o). ¢ is the proportion of volume that is
extracellular fluid. From experimentally determined val-
ues for K,, K;, and the volume fraction of extracellular
space of the epidermis/dermis, the diffusivity, K. of cells
in a parallel arrangement can be calculated. K, is then
substituted in Eq. 3 to yield the oxygen tension inside the
cells around the microvessel. The classically held belief
that the Po, drops as much as 30 mmHg across the mito-
chondrial membrane in the oxygen cascade has been

+ & (rz - Rf) (3)

J Appl Physiol « doi:10.1152/japplphysiol.00621.2022 - www.jap.org

experimentally and theoretically demonstrated to be false
in accordance with fundamental diffusion theory (36, 43,
44). The Po, drop across the mitochondrial membrane is
only few hundredths of mmHg at normal oxygen con-
sumption in the absence of mitochondrial clustering
around capillaries (45, 46). There is no evidence of mito-
chondrial clustering in skin and therefore the mitochon-
drial Po, is equal to the intracellular O, tension calculated
with Egs. 3 and 4.

The decrease in P.,p(2) when blood moves along the vessel
as compared with entrance of the capillary can be described
according to a mass-balance equation for oxygen (9, 12, 36):

m(R? — R?)

HxChbxv (5)
where H is capillary discharge hematocrit, Chb is oxygen
binding capacity of Hb and v is individual skin blood flow
velocity. The partial pressure of oxygen [Pcap(z)] is com-
puted from oxygen saturation [S0,(z)] by the inverse Hill
equation governing the Hb-O, dissociation curve, which can
be substituted back into Eq. 3:

SOz(Z) = SaOz —

P(‘Hﬂ(z) = Ps0 <%); “

The above model describes the mitoPo, assuming a net-
work comprising identical microvessels, with equal blood
flow velocities (v). To expand the model to account for varia-
tion in heterogeneity of microvessel flow as seen in sepsis,
we will use a probability density function. This probability
density function denotes the proportion or frequency of
microvessels that have a certain blood flow velocity while
the average skin blood flow velocity remains constant. This
is frequently modeled using a gamma distribution (denoted
as H), which returns the proportion of microvessels that

mitoPO2

Hb
Sa02

PO2(r,z)

> Z

Figure 1. Schematic of Krogh cylinder of microvessel unit composed of
arteriole and capillary. SaO,, entrance Hb O, saturation at arteriolar inlet.
Po(r,z) is the PO, at any point along the z and r axes in the tissue cylinder.
L, length of microvessel and tissue cylinder. MitoPo, is the average of the
integral of Po4(r,z) with boundaries of tissue cylinder. MitoPo,, mitochon-
drial oxygen tension in the skin; Hb, hemoglobin; Ra, radius of arteriole;
Rc, radius of capillary, Rt, radius of tissue cylinder; v, skin blood flow
velocity.
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have a certain individual blood flow velocity (u), ranging
from O (no microvessels have this velocity) to 1 (all microves-
sels have that velocity) (13, 47, 48). This proportion is de-
pendent on the shape of the gamma distribution which
varies with standard deviation of the blood flow velocities
(o) and the average skin blood flow velocity of all microves-
sels together (v).

MitoPo, of single microvessels with individual velocities
[MitoPo,(u)] are then computed and computationally inte-
grated to yield the mean mitoPo, over a network as following:

mitoPO,(v) = JdumiPOz(u) “H(o,v, 1) (7)
0

To check the correctness of the set of equations (Egs. 1-6),
we have performed dimensional analysis.

The equations are dimensionally homogenous since:

Pcap and mitoPo, have dimensions of M L™ T2

M has dimensions of T~*

Z has dimensions of L

V has dimensions of L T~!

Chb has dimensions of M~*

K has dimensions of M L3 T

Z has dimensions L

R. and R have dimensions L

S0, is dimensionless

Furthermore, we define dimensionless parameter e =,
which denotes the ratio of the tissue cylinder to the capillarcy
radius. From the dimensional analysis using Rayleigh’s
method, we identified dimensionless parameter p = K * %,
which can be interpreted as the absorption of oxygen into

the tissue cylinder around the capillary. Henceforth the gov-
erning equations become: ASO,(z) = e+ z, which itself
is dimensionless and represents the extraction ratio of

oxygen in the tissue cylinder, and Py (7,2) = Peap(2)—

TS (ln R—VC) + £ (r* — RZ), which is the Krogh equation expre-

ssed in terms of dimensionless parameters p and «.

Choice of Values for Constants and Parameters Used in
the Model

Tissue cylinder radius (R,). The skin has distinct micro-
circulatory geometry, with variations in capillary density in
different regions of the skin and thus modeling of mitoPo, in
skin must take into account the area and depth of the fluo-
rescence signal originating from protoporphyrin IX, induced
by an aminolevulinic acid (5-ALA) containing patch.
Although often assumed that 5-ALA is localized exclusively
to the epidermis, in vivo evidence indicates that substantial
amounts of fluorescence signal originate from the upper
layers of the dermis (49). The microvessel network supplying
the upper dermis and epidermis originates from a superficial
plexus of horizontal arterioles in the subcutaneous tissue.
The microvessel loops, consisting of first-order arterioles
and capillaries, have a total length of 1,000-3,000 um (50,
51). We model the microvessel loops with the assumption
that countercurrent exchange of O, does not occur between
the arterial and venous end. Previous modeling works have
shown that countercurrent exchange of oxygen is negligible
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in skin capillary loops and that the oxygen tension around it
is primarily determined by the longitudinal gradients (30).

From histopathological findings of cadaver thoracic skin,
the interloop distance is found to range between 110 and 140
um, depending on the site of skin (18, 19). A mean cylinder
radius of 60 um will be used in the model (120 pm/2 capilla-
ries). To model loss of capillary density on mitoPo,, the R;
will be varied.

Microvessel radius (R.). The radius of skin capillaries is
4-5 ym, and of first-order arterioles is 15 um (20). Because
the upper dermis is also supplied by first-order arterioles,
these must also be taken into account in the microvessel ra-
dius. To approximate the combined radius of a capillary and
first-order arteriole, we will assume that half the microvessel
is a capillary and half is first-order arteriole, the average ra-
dius of the complete microvessel segment is therefore 10 um.

Skin blood flow velocity (v). Mean values for skin blood
flow velocity (SKBV) have been reported to be between 0.4
and 0.6 cm/s with a total range observed from 0.1 cm/s to 0.9
cm/s in nonheated skin with a mean temperature of 32-34°C
(28). In patients with shock, the average decrease in SKBV, as
measured with laser doppler, ranges from 60% to 95% when
compared with healthy human volunteers (52). For our shock
simulation, we will use a conservative decrease in SKBV of
60% which equates to 0.02 cm/s.

Skin oxygen consumption (m). Studies have used dif-
ferent methods and experimental setups to quantify skin ox-
ygen consumption. An oxygen consumption rate in skin (m)
of 0.33 x 10~* mL 0,/mL/s with range of 0.25-0.45 x 10~*
mL O,/mL/s was previously determined using transcutane-
ous oxygen electrodes heated to 37°C (27). This value for m in
skin corresponds approximately to half of total body oxygen
consumption (volume averaged) and one-third of resting
muscle tissue oxygen consumption (20).

Inflow Hb saturation into microvessel (Sa0O,). Contro-
versy exists on the inlet Hb saturation into capillaries (9).
Experimental data in muscle show that 30-40% of oxygen
loss to surrounding tissue occurs before the capillary segment
(Sa0, of 60-70%) (24, 25). However, other data suggest that
the observations are due to overestimation of convective O,
transport at up and downstream points (17, 53, 54). Because
our microvessel segment consists of arteriole and capillary,
the entrance saturation is set at 92%, as only a small amount
of desaturation occurs before first-order arterioles (26).

Microvessel hematocrit (H). Due to the ratio between
the red blood cells and capillary radius, microvessel hemato-
crit can be defined in two ways: discharge hematocrit and
tube hematocrit. Discharge hematocrit is defined as the pro-
portion of RBCs exiting a microvessel and is experimentally
found to be 22% less than systemic hematocrit, independent
of blood velocity (21-23). In contrast, the tube hematocrit is
the volume proportion of RBCs inside a capillary at any snap-
shot in time and varies substantially with blood flow velocity
and vessel diameter and can be as low as 5% (21-23). Our
model uses the discharge hematocrit, as we are only con-
cerned with the rate of the RBCs as oxygen-carrying packets
flowing through the capillary (9, 36) and not the proportion of
RBCs over the whole length of the microvessel. Assuming a
systemic hematocrit of 0.4, the microvessel hematocrit is
0.3

J Appl Physiol » doi:10.1152/japplphysiol.00621.2022 - www.jap.org
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Capillary flow heterogeneity (o). Experimental and
computational studies have shown that in shock states, the
blood flow throughout a network is highly heterogenous and
can be approximated using a gamma distribution (55).
Common values found for the standard deviation of the distri-
bution of blood flow inside capillaries range from 0 to 0.1 cm/s,
depending on the pathology (56). On average, patients with
septic shock show a 10-fold increase in the standard deviation
of SKBV distribution in the sublingual microcirculation com-
pared with healthy volunteers (29). It is unknown whether this
is an accurate representation of the situation in the skin.
Nevertheless, to approximate the interplay between heteroge-
neity of SkBV, during shock, we will vary the heterogeneity
from 0.01 to 0.09. For the normal physiological state, we will
assume a heterogeneity of 0. Figure 2 shows an example of the
gamma distributions showing the frequencies of blood flow
velocities in the microvessel network.

RESULTS

Variation of mitoPo, with Skin Blood Flow Velocity,
Hematocrit, and Oxygen Saturation

We present the results of mitoPo, in terms of parameters of
oxygen delivery. At a baseline SKBV of 0.05 cm/s (physiological
situation), the mitoPo, was 48 + 8 mmHg (Fig. 3). Maximum
mitoPo, slightly increased to 53 + 7 mmHg at supraphysiologi-
cal SKBV. The relationship between mitoPo, and SKBV approx-
imates a logarithmic growth curve. When SkBV decreased to
0.03 cm/s, the curve remained a plateau and hence mitoPo,
remains stable. Upon further decrease in SKBV to 0.02 cm/s,
the mitoPo, curve showed a steep decline, and hence, below
this value, small changes in SKBV lead to large decrements in
mitOP02.

0.8 T T T T T T T T T
’ mean velocity 0.001 cm/s
0.7 mean velocity 0.03 cm/s |
mean velocity 0.09 cm/s

o
o
—
.

e
o

Relative frequency
o o
w IS

|
0.2 '\ 1
P
0.1 "“//A\‘\ . PN = .
N —
—— —_—
0 . — . n S ——

0 2 4 6 8 10 12 14 16 18 20
individual microvessel bloodflow velocity (*10 "2 cm/s)

Figure 2. Frequency plots of gamma distributions used to model flow het-
erogeneity. Blue line shows the distribution of individual microvessel
velocities when the mean skin blood flow velocity of complete network is
0.001 cm/s and standard deviation is 0.03 cm/s. Orange line shows the
distribution of individual microvessel velocities when the mean of com-
plete network is 0.03 cm/s and standard deviation is 0.03 cm/s. Yellow
line shows the distribution of individual microvessel velocities when the
mean of complete network is 0.09 cm/s and standard deviation is 0.03
cm/s.
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Figure 3. Graph showing relationship between MitoPo, and skin blood
flow velocity. The shaded area indicates the range of oxygen consump-
tion between 0.2 and 0.5 x 10~* mL/O,/mL/s. The blue line represents an
oxygen consumption of 0.35 x 10~* mL/O,/mL/s. MitoPo,, mitochondrial
oxygen tension in the skin.

The change in mitoPo, in relation to Hb-O, saturation and
hematocrit is shown in Fig. 4, A and B, respectively. It can be
seen that the effect of Sa0, was negligible at low SKBV, until
SKBV rises to 0.01 cm/s. However, at low oxygen saturations,
the plateau was reached at a lower SKBV. Furthermore, the
mitoP0,-SKkBV plateau exponentially increased with increases
in oxygen saturation, with a step from 83% to 86% only increas-
ing mitoPo, from 30 to 35 mmHg, whereas the step from 92%
to 95% increased mitoPo, from 50 mmHg to 65 mmHg.

The variation of the mitoP0o,-SKBV curve with hematocrit
followed a logarithmic relationship, further increases in he-
matocrit will lead to smaller increases in mitoPo,. From a
baseline microvessel hematocrit of 31%, a drop in hematocrit
did not affect mitoPo, until a hematocrit of 14%, and this
effect is seen throughout the whole range of SkBV.

Effect of Microcirculatory Disturbances on mitoPo,

Figure 5 shows the effects of flow heterogeneity, capillary
density, and diffusion resistance on the mitoPo,-SKBV curve.
Heterogeneity of SKBV had the largest impact. A standard
deviation of 0.09 in the distribution of vessels resulted in a
decrease of 30 mmHg in mitoPo, at SKBV of 0.05 cm/s when
compared with homogenous flow (5 A). In addition, with het-
erogeneous flow, mitoPo, could not reach values above 38
mmHg, even at maximal SKBV.

Loss of 50% of the microvessel density (the intervessel dis-
tance, represented by the ratio of radius of the tissue cylin-
der to the capillary radius, ¢), resulted in a decrease in
mitoPo, of 10-20 mmHg in the intermediate range of SKBV
(0.03-0.06 cm/s). The effect of capillary density on mitoPo,
was approximately linear, as evidenced by the equispacing
of the curves in Fig. 5B. Loss of vessel density rendered the
relation between mitoPo, and SkBV slightly more linear.
Diffusivity (4 C) had almost no effect on mitoPo,. Diffusivity
was modeled as a proxy of resistance to oxygen diffusion and
can decrease substantially in edematous states. A 50%
decrease in D of the tissue surrounding the microvessels
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Figure 4. Graphs showing relationship of MitoPo, with skin blood flow velocity for varying SaO, (A4) and varying hematocrit (B). MitoPo,, mitochondrial
oxygen tension in the skin.

Figure 6B shows the interplay between heterogeneity and
mean velocity in the context of shock. A decrease in SKBV
from 0.05 cm/s to 0.02 cm/s and concomitant increase in
heterogeneity to 0.09 cm/s resulted in a mitoPo, decrease
from 50 mmHg to 5-10 mmHg. Successful resuscitation of
flow would result in partial restoration of mitoPo, (up to 25
mmHg, vertical arrow). Resolving microcirculatory heteroge-
neity, even without rescued SKkBV, resulted in a near com-
plete restoration of mitoPo, (43 mmHg, horizontal arrow).

We also computed a sensitivity analysis for the variables
mentioned previously. The sensitivities are calculated from
a range of —25% and 25% of the baseline values of the varia-
bles at each 10% interval of SkBV. The numerical sensitiv-
ities of the above figures are shown in a heatmap in Fig. 7
and corroborate the graphical results.

resulted in a 5% decrease in mitoPo, for the complete simu-
lated range of SKBV (Fig. 5C).

The Combined Response of mitoPo, to Changes in
SkBV and Flow Heterogeneity

Figure 6A shows a heatmap of the relation between SKBV of
the complete microvessel network and the heterogeneity of
flow, expressed as the standard deviation of the gamma distri-
bution. Each isoline represents a mitoPo, step of 3 mmHg. At
high SKBV, the effect of heterogeneity (i.e., obstructed flow in
capillaries) was relatively small: at flows between 0.06 and
0.09 cm/s, 5 isolines are traversed when moving to maximum
flow heterogeneity. In comparison, at intermediate SkBV
(0.03-0.06 cm/s), 8-14 isolines are crossed. In addition, at high
flow heterogeneity, the relationship of mitoPo, and SKBV was
approximately linear (equal spacing between isolines), whereas
at minimal flow heterogeneity, the relationship was exponen-
tial (the spaces between isolines increases at higher blood flow
velocity). Thus, during severe flow heterogeneity such as in
sepsis, to maintain a mitoPo, of 60 mmHg, SKBV must increase
disproportionally high compared with flow heterogeneity.

The Combined Response of mitoPo, to Changes in
Oxygen Saturation and SkBV

The response of mitoPo, to a decrease in saturation is
complex (Fig. 8). A normal SKBV of greater than 0.04 cm/s
had a protective effect on mitoPo, during hypoxemia.
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Figure 5. Graphs showing relationship of MitoPo, with SkBV and variation with microcirculatory parameters. A: effect of heterogeneous flow on MitoPo,
(blue line, gamma distribution with SD 0.09). B: effect of capillary density on MitoPo, (range between 50 um and 100 um). C: effect of decrease in diffusiv-
ity (blue line, 0.5 x diffusivity) compared with normal (orange line). MitoPo,, mitochondrial oxygen tension in the skin; SkBV, skin blood flow velocity.
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Figure 6. A: colored heatmap showing MitoPo, (color from 0 to 70 mmHg) as a function of SkBV and flow heterogeneity. Black dot indicating the normal
situation (mean SkBV between 0.04 and 0.05) and minimal flow heterogeneity (SD of 0.01 cm/s) for a MitoPo, of 60 mmHg. B: colored heatmap of
MitoPo, as a function of flow heterogeneity (the standard deviation of gamma distribution of individual velocities) and SkBV. Black lines are the isolines,
indicating constant MitoPo, along the line. Each isoline corresponds to a MitoPo, step of 3 mmHg. The solid arrow indicates the combined effect of
decrease in SKBV and increase in flow heterogeneity in septic shock. The dashed arrows indicate the separate contribution of SkBV and flow heteroge-
neity. MitoPo,, mitochondrial oxygen tension in the skin; SkBV, skin blood flow velocity.

MitoPo, decreased with a decrease in saturation, however,
mitoPo, did not decrease below 30 mmHg, even at a satura-
tion of 85% when SkBV is maintained above 0.01 cm/s.

Clinical Validation of the Model with Data of Patients
with Cardiogenic Shock

The scatterplot of mitoPo, versus lactate in postoperative
cardiac surgical patients with cardiogenic shock shows that
below a mitoPo, of 20 mmHg, lactate starts to increase (Fig.
9). It is well known that at a total body OER (SaO, — SvO,/
Sa0,) of greater than 0.6, anaerobiosis, as evidenced by
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Figure 7. Heatmap of sensitivities of main parameters in the model at dif-
ferent values of skin blood flow velocity (y-axis). Each SkBV denotes the
sensitivity. Sensitivities are computed for +25% of the range of the base-
line values. Darker shades indicate a higher sensitivity. SkBV, skin blood
flow velocity.

arterial lactate levels, occurs. The mathematical model pre-
dicts that mitoPo, of 19 mmHg corresponds to an OER in the
skin of 0.6. Concurrently, the scatterplot of mitoPo, versus
lactate in postoperative cardiac surgical patients shows that
below a mitoPo, of 20 mmHg, lactate starts to increase above
2 mmol/L.

DISCUSSION

Using a modified Krogh model, we were able to demon-
strate the relationship of mitoPo, with determinants of

0.92

0.9

Sa02

0.88

0.86

0.01 002 003 004 0.05 0.06 007 008
SkBV (cm/s)

Figure 8. Colored heatmap of MitoPo, as a function of SkBV and Hb O,
saturation (as fraction). Each isoline corresponds to a MitoPo, step of 6
mmHg. Color indicates MitoPo, magnitude, ranging from O mmHg (blue)
to 70 mmHg (purple). MitoPo,, mitochondrial oxygen tension in the skin;
SkBV, skin blood flow velocity.
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Figure 9. MitoPo,, vs. lactate of 44 cardiac surgical patients (orange dots)
fitted to the relationship of MitoPo, with V0,/Do, (blue) as a proxy of oxy-
gen extraction ratio (OER). The simulation is run with m at 0.35 x 10~ *
mLO,/mL/s, SaO, at 92% and a heterogeneity of 0.1 SD. SkBV is varied
from O cm/s to 0.09 cm/s The line displays the predicted MitoPo, at local
critical OER where anaerobic metabolism occurs. MitoPo,, mitochondrial
oxygen tension in the skin; SkBV, skin blood flow velocity.

microcirculatory perfusion. We have demonstrated the va-
lidity of the model by fitting the relationship of mitoPo, with
OER to lactate data from patients with cardiogenic shock.
Although mathematical simplifications in these relation-
ships should be acknowledged, within these limits, our
model infers several properties and characteristics.

Skin mitoPo, at Baseline is 40-60 mmHg

The magnitude of the Po, in mitochondria has been a mat-
ter of debate. The conventional view is that Po, decreases to
around 5 mmHg in the mitochondria. This view is based on
the oxygen cascade and the often presumed large diffusion
distance (57). In contrast, our mathematical simulations for
mitochondrial Po, in skin suggest that mean mitoPo, is in
the range of 40-60 mmHg in physiological steady state (Fig.
3), which approaches intravascular values. In line, mitoPo,
in healthy human volunteers measured with PpIX-TSLT
showed values ranging from 50 to 70 mmHg (5, 58-60).
Furthermore, studies investigating interstitial tissue Po,
using different techniques have reported similar magnitude
of tissue oxygen tension (30-40 mmHg) (61-63). Our model
corroborates that if microvascular capillaries are well satu-
rated and have high enough blood flow, the surrounding
mean tissue Po, in skin will reach a similar magnitude. The
physiological explanation of a relatively high oxygen tension
in the cell is that cellular membranes are not very resistant
to oxygen diffusion and thus it is possible for cells close to
the arteriolar end to have similar oxygen tension as intravas-
cular tensions (36, 64). In line, even a 50% increase in resist-
ance to oxygen diffusion in our model results in the same
magnitude of mitoPo, (Fig. 5A). Our results cannot be extrap-
olated to mitochondrial oxygen tension in other (vital)
organs, as the architecture of the microvasculature, blood
flow velocity, and the oxygen consumption can be vastly dif-
ferent from those in the skin.

172

We have shown that skin mitoPo, is two orders of magni-
tude higher than the minimum Po, required to generate
adenosine triphosphate (0.7 mmHg). This does not disprove
the possibility of tissue hypoxia in circulatory shock.
MitoPo, is a representation of the average oxygen tension
around a network of microvessel and accordingly, hypoxic
zones can exist around one microvessel, as first shown by
Krogh. The fitting of lactate data of patients with cardiogenic
shock to the predicted mitoPo, at critical global OER shows
that the prediction closely follows clinical observations in
patients and that a relatively low mitoPo, (20 mmHg) corre-
sponds to anaerobic metabolism in the model and cardio-
genic shock. In addition, previous simulation studies found
that at a mean tissue oxygen tension of 30 mmHg, 10% of the
tissue surrounding the capillaries was hypoxic (38).

Skin mitoPo, Has Threshold Behavior in Response to
Decreases in Skin Perfusion and Anemia

The logarithmic shape of the curve in Fig. 3 would render
mitoPo, a threshold marker of shock. Small reductions in
SkBV will result in negligible decreases in mitoPo,. However,
in response to low cardiac output, SKBV can reach values as
low as 0.004 cm/s (65). Thus, as SKBV reaches the critical
point of inflection (a SkBV of 0.01 cm/s), mitoPo, sharply
decreases to a mitoPo, of 10-20 mmHg and thus shows an
apparent “skipping” of a range of values. Our simulations
show that this behavior also applies to hematocrit. This
would imply that mitoPo, could be a very sensitive marker
of reduced peripheral perfusion.

This property of mitoPo, is also supported by experimental
observations. In a pig hemodilution model, mitoPo, values
remained relatively constant with reductions in hematocrit
and oxygen delivery but decreased abruptly at a critical point
(6). This abrupt decrease occurred when hematocrit decreased
from 0.11 to 0.08. In our mathematical simulation, the abso-
lute value of the critical point lies around 0.14. This difference
is likely due to interspecies variation; pigs are relatively more
anemic, have different skin oxygen consumption, and have a
substantially different baseline mitoPo, compared with
humans (20-40 mmHg). The threshold property of SKBV on
tissue oxygenation was also illustrated using laser Doppler in
critically ill patients treated with 500 mL of fluid removal by
dialysis. Large changes in SKkBV had very good accuracy in
diagnosing tissue hypoxia as measured with lactate, but small
changes had low accuracy (66).

A High Skin Perfusion Protects mitoPo, from Mild
Arterial Hypoxemia

Increasing SkBV made mitoPo, more sensitive to changes
in Sa0,. The mathematical and physiological interpretation
is that when blood travels very fast along a microvessel, the
convective flux of oxygen is maximal. Thus, this flux can
only be increased by increasing the oxygen content and the
complete tissue radius can reach equilibrium with the partial
pressure inside the vessel. Thus, when this partial pressure
of oxygen was increased through increasing saturation, the
equilibrium between microvessel pressure and tissue pres-
sure (and hence mitoPo,) was at a much higher level. In line
with this, studies found that in regions of the brain where
cerebral blood flow was compromised, increasing Pap, had
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little effect on mean tissue oxygen tension but did cause an
increase in healthy brain tissue where blood flow was main-
tained (11, 67-69).

However, it remains to be seen whether this relationship
holds true for the internal organs, which autoregulate their
blood flow in response to changes in arterial oxygen partial
pressure. This is in contrast to the skin, which exhibits little
vasoconstriction in response to hyperoxemia (70, 71). There
is experimental evidence that hyperoxia dose-dependently
increases mitoPo, of the heart and liver until an Fip, of 40%,
after which a plateau is reached (72). However, interpretation
of these results is limited by the absence of corresponding
Hb-O, saturation data. The attenuated effect could be the
result of compensatory hyperoxic vasoconstriction or more
simply, a complete saturation of Hb at Flp, of 40%. Hence,
further studies should be done to assess the interorgan vari-
ability of mitoPo, in hyperoxia.

Microvessel Flow Heterogeneity is a More Important
Determinant of Skin mitoPo, than Mean Microvessel
Blood Flow

Our mathematical model confirms that of all the microcir-
culatory disturbances, flow heterogeneity has the most
impact on mitoPo, (Fig. 7), in line with previous clinical and
modeling studies (13, 15, 29, 47, 56, 73, 74).

Our results show that despite a hyperdynamic cardiac out-
put and blood flow, shock can lead to substantial decrease in
mitoPo, through flow heterogeneity. An extremely heteroge-
neous distribution of flow in the microvessels cannot
achieve a high mitoPo,, even at supranormal blood flow ve-
locity. This would imply that interventions aimed at “ho-
mogenizing” SkBV would restore mitoPo, to a greater effect
than increasing mean skin blood flow through an increase in
cardiac output, as suggested before (75-77). Whether vasodi-
lating agents can have this effect remains to be determined.
Since the first experimental in vivo studies showing the
effects of blood flow heterogeneity on tissue oxygenation
through advanced NADH video-fluorometry (75, 76), numer-
ous studies have corroborated the importance of heterogene-
ous flow on tissue oxygen extraction and clinical outcome
and subsequent pathogenesis of multiorgan failure in circu-
latory shock (78). Our results support that theoretically,
mitoPo, would be sensitive to detect the changes in microcir-
culatory integrity.

Limitations of Our Model

We have evaluated the applicability of mitoPo, in shock
and introduced a conceptual framework that follows from
the mathematical model. The simulations are made under a
myriad of assumptions that can limit the accuracy of the
model.

First, we used a combined arteriolar and capillary micro-
vessel with averaged microvessel radius. It is beyond the
scope of this paper to model these two as separate compart-
ments with complex anastomoses, and because the basis of
most oxygen transport simulation studies has been the
Krogh model of a single capillary, we modified it to account
for linear arteriolar diffusion as multiple experiments on sin-
gle red blood cells and capillaries showed that oxygen diffu-
sion occurs at the arteriolar level (25). The experimentally

J Appl Physiol « doi:10.1152/japplphysiol.00621.2022 - www.jap.org

observed oxygen dissipation from arterioles is also shown to
be mostly due to the consumption by surrounding paren-
chyma (24). As mitoPo, can be measured on the complete
area of the skin that is saturated with 5-aminolevulinic acid,
the tissue-vessel exchange compartment can be considered
as one unit, irrespective of the nature of the vessel its effect
is small on the average Po, in tissue.

Second, the model assumes that capillaries are geomet-
rically evenly distributed in the skin with one capillary
providing oxygen for a tissue cylinder that is four times its
own radius. However, studies have shown that intercapil-
lary distance is highly variable and has a significant effect
on tissue Po, distributions (79, 80). MitoPo, for these satu-
rations might therefore deviate from experimentally found
values. We also did not take into account changes in pH
and subsequent effects on Hb-O, dissociation through
changing p50 and Hill constants. Patients in circulatory
shock often have derangements in acid-base status and
our results are therefore not applicable to patients with
severely deranged pH.

In addition, the applicability of this framework in shock is
based on the presumption that more intracellular oxygen is
“better,” however, high partial pressure of oxygen could
induce significant vasoconstriction, potentially rendering
our equations untrue for high partial pressures of oxygen.
Also, high Pag, could result in increased production of radi-
cal oxygen species, which could damage mitochondria and
impair their function. It remains to be investigated to what
extent this occurs and whether this is detrimental for tissue
viability, offsetting the positive effects of adequate oxygen-
ation of tissues.

Furthermore, the suitability of skin mitoPo, as a marker
of shock depends on the flow sensitivity of the cutaneous
vasculature. Factors that interfere in the direct coupling
between cutaneous vasoconstriction and decreased car-
diac output will cause skin mitoPo, to be falsely low. Such
factors are (central) hypothermia and peripheral arterial
disease. The extent to which this affects mitoPo, should be
a focus of further studies.

Conclusions

Our mathematical model of skin mitochondrial oxygen
tension based on Krogh’s cylinder model shows that physi-
ological mitoPo, in skin is 40-60 mmHg. The relationship
of mitoPo, with skin blood flow velocity follows a logarith-
mic growth curve, with a critical inflection point at which
mitoPo, rapidly deteriorates if peripheral perfusion fur-
ther decreases. Adequate blood flow is critical to maintain
mitoPo, levels, and heterogeneity importantly decreases
mitoPo,. This mathematical framework may serve to inter-
pret mitoPo, values in shock, with the potential to
enhance personalized clinical trial design.
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