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Background: Persistent microcirculatory dysfunction associated with increased morbidity and mortality.
Interventions in the early resuscitation can be tailored to the changes of microcirculation and patient’s
need. However, there is usually an uncoupling of macrocirculatory and microcirculatory hemodynamics
during resuscitation. Current research on the patterns of microcirculatory changes and recovery after
cardiopulmonary bypass (CPB)-assisted cardiac surgery is limited. This study aimed to analyze changes in
the microcirculatory parameters after CPB and their correlation with macrocirculation and to explore the
characteristics of microcirculatory changes following CPB-assisted cardiac surgery.

Methods: Between December 2018 and January 2019, 24 adult patients with indwelling pulmonary artery
catheters after elective cardiac surgery using CPB were enrolled in this study. Both microcirculatory and
macrocirculatory parameters were collected at 0, 6, 16, and 24 hours after admission to the intensive care
unit (ICU). Video images of sublingual microcirculation were analyzed to obtain the microcirculatory
parameters, including total vascular density (T'VD), perfused small vessel density (PSVD), the proportion
of perfused small vessels (PPV), microvascular flow index (MFT), and flow heterogeneity index (HI). The
characteristics of microcirculatory parameter change following cardiac surgery and the correlation between
microcirculatory parameters and macroscopic hemodynamic indicators, oxygen metabolic indicators, and
carbon dioxide partial pressure difference (PCO,gap) were analyzed.

Results: There were significant differences in the changes of TVD (P=0.012) and PSVD (P=0.005)
during the first 24 hours postoperatively in patients who underwent CPB-assisted cardiac surgery. The
microcirculatory density parameters (TVD: r=-0.5059, P=0.0456; PVD: r=-0.5499, P=0.0273) were
correlated with oxygen delivery index (DO,I) at 24 hours after surgery. The microcirculatory flow parameters
(PPV: r=0.4370, P=0.0327; MFI: r=0.6496, P=0.0006; and HI: r=-0.5350, P=0.0071) had a strong correlation
with PCO,gap at 0 hour after surgery.

Conclusions: TVD and PSVD might be two most sensitive indicators affected by CPB-assisted cardiac
surgery. There was no consistency between microcirculation and macrocirculation untl 24 hours following

cardiac surgery, meaning the improvement of systemic hemodynamic indicators does not guarantee
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correspondently improvement in microcirculation. Early controlled oxygen supply after CPB-assisted cardiac

surgery may be conducive to the resuscitation of patients to a certain extent.
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Introduction

Microcirculation refers to the blood circulation between
arterioles and venules and is the prime site for the exchange
of oxygen, nutrients, and metabolites and the most
important regulator of oxygen delivery in tissue. Serious
medical conditions such as sepsis, high-risk surgery, cardiac
arrest, and respiratory failure can lead to microcirculatory
dysfunction. Persistent microcirculatory dysfunction is the
main mechanism of tissue oxygenation failure and early
organ dysfunction, which have a significant impact on the
prognosis of patients. Studies have reported that extensive
microcirculatory changes occur after cardiac surgery
(1-4). The changes in microcirculation after cardiac surgery
are related to potential heart disease or cardiogenic shock,
anesthesia, and surgical procedures, and the impact of
cardiopulmonary bypass (CPB) on microcirculation should
not be overlooked. During CPB, the systemic blood
circulation is converted to extracorporeal circulation by a
heart-lung machine, and blood cells and plasma proteins
are activated due to exposure to polymers that are not
biocompatible, thereby triggering inflammation and micro
thrombosis. Hemodilution, hypothermia, cardiac arrest,
and the conversion of pulsatile and nonpulsatile blood flow
during CPB increase the adverse effects on microcirculation.
Studies have shown that acute changes in microcirculatory
blood flow occur after CPB-assisted cardiac surgery,
including increased microcirculatory heterogeneity,
decreased functional capillary density, and increased venular
blood flow velocity (5-8). Microcirculatory changes can
lead to organ dysfunction, prolonged hospitalization, and
other adverse consequences (9-12), but microcirculation
monitoring has not been widely used due to research in this
filed are still limited and which parameter is most sensitive
remains to be determined. Moreover, little is known about
the pattern of these changes and recovery after CPB-
assisted cardiac surgery (13,14).

During the progression of acute circulatory failure
caused by hypovolemic shock, sepsis, and pericardial
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tamponade, both microcirculatory perfusion parameters
and macroscopic hemodynamic indicators deteriorate
simultaneously, suggesting that the changes of the two
coincide. However, there is usually no consistency between
microcirculatory perfusion changes and macrocirculation
changes during resuscitation following circulatory failure
(15,16). Knowing the relationship between microcirculation
and macrocirculation is the key to guide interventions
and provide personalized treatments in the perioperative
period. Current research on the consistency between
microcirculation and macrocirculation has been mainly
focused on patients with sepsis and shock, and there is
no research on whether there is a loss of consistency
between microcirculation and macrocirculation after adult
cardiac surgery. This study aimed to analyze changes
in microcirculatory parameters after CPB-assisted
cardiac surgery and their correlation with macroscopic
hemodynamic indicators to explore the characteristics of
microcirculatory changes after CPB-assisted cardiac surgery
and guide postoperative cardiac resuscitation. We present
the following article in accordance with the STROBE
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-22-1159/rc).

Methods
Study design

In this single-centered prospective cohort study, patients who
received CPB-assisted cardiac surgery and were admitted to
the intensive care unit (ICU) after surgery at the Guangdong
Provincial People’s Hospital, Department of Cardiac Surgery
between December 1 2018 and January 31 2019 were
recruited, to compare measurements of microcirculation
at 4-time intervals within 24 hours postoperatively, and
analyze correlation between microcirculatory parameters and
macroscopic hemodynamic indicators at each time-point.
"This study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013) and was approved by the
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Table 1 Calculation formula

Perfusion pressure = MAP — central venous pressure
Ca0, = (1.34 x Sa0, x Hb) + (0.003 x PaO,)

DO,l =10 x Cl x Ca0,

Pv-aCO, = PvCO, - PaCO,

MAP, mean arterial pressure; Ca0O,, arterial oxygen content;
Sa0,, arterial oxygen saturation; Hb, hemoglobin; PaO,, arterial
oxygen pressure; DO,l, oxygen delivery index; Cl, cardiac
index; Pv-aCO,, venous-arterial carbon dioxide partial pressure
difference; PvCO,, partial pressures of the dissolved CO, in the
mixed venous blood; PaCO,, partial pressures of the dissolved
CO, in the mixed arterial blood.

ethics committee of Guangdong Provincial People’s Hospital
(No. 2018-584H-1). The ethics committee of Guangdong
Provincial People’s Hospital waived the need for patient’s
written informed consent.

The inclusion criteria were patients >18 years of age with
indwelling pulmonary artery catheter and with sedative
and analgesic ventilator-assisted ventilation or spontaneous
breathing but conscious and able to cooperate. The
exclusion criteria were: patients with emergency surgery;
pregnant women; patients with heart transplantation, intra-
aortic balloon pump (IABP) or extracorporeal membrane
oxygenation (ECMO); patients with oral disease, difficulty
opening their mouth, or with massive oral bleeding that
would affect the quality of image acquisition; patients with
noninvasive ventilation; and those participating in other
studies during the same period or unwilling to participate in
this study. The elimination criteria were those who survived
less than 24 hours after inclusion or withdrew halfway and
those with poor image quality.

Data collection and processing

Patients who met the inclusion criteria were admitted
to the ICU after cardiac surgery. Peripheral arterial and
pulmonary arterial blood samples for blood gas analysis
were collected at 0, 6, 16, and 24 hours after admission to
determine arterial lactic acid, arterial and mixed venous
oxygen saturation, arterial and mixed venous carbon
dioxide partial pressure, arterial oxygen partial pressure,
arterial oxygen saturation (Sa0,), and hemoglobin (Hb)
concentration. Cardiac index (CI) and systemic vascular
resistance index were measured through a pulmonary
artery catheter, and systolic blood pressure, mean arterial
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pressure (MAP), central venous pressure, and central body
temperature (rectal temperature) were recorded at each
time interval. Perfusion pressure, arterial oxygen content
(Ca0,), oxygen delivery index (DO,I), and venous-arterial
carbon dioxide partial pressure difference (Pv-aCO, or
PCO,gap) were calculated at each time interval according
to the formulae presented in Table 1.

The video images of sublingual microcirculation
were collected using a MicroSeeV100 handheld video
microscope (Guangzhou Yiruan Intelligent Technology
Co., Ltd., Guangzhou, China; software version 2.84)
at 0, 6, 16, and 24 hours of ICU admission. A trained
operator gently wiped off oral secretions, especially those
under the tongue, with a 37 °C normal saline cotton
swab. The tracheal intubation tube was moved to 1 side
2 minutes later. A microscopic video probe was used during
image acquisition to avoid the influence of pressure on
microcirculation, and the focal length was adjusted to
obtain stable and clear video images. A total of 5 video
images lasting 30 seconds were captured at 2 locations on
each side of the lingual frenulum and at another optional
location. All images were confirmed independently by two
professional physicians. Five microcirculatory parameters,
including total vascular density (T'VD), perfused small
vessel density (PSVD), proportion of perfused small
vessels (PPV), microvascular flow index (MFI), and flow
heterogeneity index (HI) could be obtained through the
collected images.

The small vessels were traced by a computer, and
supplementary traces were made artificially, depending
on the situation. TVD in mm/mm’ is the ratio of the sum
of microvascular length to the visual field area. PSVD
in mm/mm’ is the ratio of the sum of the length of perfused
small vessels to the visual field area. PPV in % is the ratio of
the length of perfused small vessels to the length of all small
vessels, reflecting the perfusion quality of microcirculation.
A higher perfusion ratio represented better microcirculatory
perfusion.

The MFI was calculated as follows. The obtained visual
field was equally divided into 4 quadrants, and scores were
based on the flow of small vessels in each quadrant: no
blood flow (0 point), intermittent blood flow (1 point),
slow blood flow (2 points), and normal flow (3 points). The
average of the 4 scores represented the MFI and reflected
microcirculatory blood flow. The difference between the
maximum and minimum of the 4 scores divided by MFI
was the HI, which was used to evaluate differences in the
adjacent blood flow of microcirculation, reflecting the
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Indicators

0 hour (n=24)

6 hours (n=24)

16 hours(n=19)

24 hours (n=16)

Perfusion pressure (mmHg)
Systolic pressure (mmHg)
MAP (mmHg)

Central body temperature (rectal
temperature) (°C)

Cl (L/min/m?

Systemic vascular resistance index

71.25+2.52
119.46+3.28
82.25+2.13

36.62+0.18

2.37+0.12
2,716.25+177.65

67.21+£2.49 69.79+2.05 71.38+3.25
118.00+3.22 113.42+6.48 124.38+4.96
78.79+2.25 81.32+1.90 81.63+2.59
37.97+0.13 37.85+0.19 37.66+0.10
2.64+0.17 2.47+0.17 2.81+0.19

2,370.38+173.45

2,421.00+178.55

2,000.25+175.91

(dyn-sec/cm®/m?)
Arterial lactic acid (mmol/L) 3.89+0.41

Mixed venous oxygen saturation (%) 0.68+0.03

DO,I (mL/min-m?) 373.73+22.23

PCO,gap (mmHg) 10.50+0.86

405.50+25.77

5.49+0.61 2.49+0.61 1.71£0.25

0.65+0.02 0.64+0.02 0.67+0.03

373.40+£24.91 424.31+28.97

10.17+0.74 9.68+0.82 9.13+0.76

Continuous data is presented as mean + SD. MAP, mean arterial pressure; Cl, cardiac index; DO,l, oxygen delivery index; PCO,gap,

carbon dioxide partial pressure difference; SD, standard deviation.

simultaneous occurrence of flowing capillaries and stasis or
clotting capillaries after microcirculatory dysfunction.

Statistical analysis

R 3.5.5 software was used for statistical analysis. All
continuous data are expressed as mean + standard deviation
(SD). Analysis of variance was used for the comparison of
measurement data within groups of 4-time intervals (0, 6,
16, 24 hours). Pearson correlation analysis was used for
normally distributed data, while Spearman correlation
analysis was used for nonnormally distributed data. P<0.05
was considered statistically significant.

Results

Among the 24 patients who met the inclusion criteria, there
were 10 patients undergoing valve replacement surgery,
5 patients undergoing re-do cardiac surgery, 3 patients
with hypertrophic obstructive cardiomyopathy, 2 patients
undergoing coronary artery bypass graft plus valve surgery,
2 patients undergoing coronary artery bypass surgery, 1
patient undergoing major vascular surgery, and 1 patient
with congenital heart disease. Due to various reasons,
including the removal of pulmonary artery catheter,
monitoring failure, and the noncompliance of patients, the
number of data sets collected for each time interval were
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different, including 24 sets of data at 0 hour, 24 sets of data
at 6 hours, 19 sets of data at 16 hours, and 16 sets of data at
24 hours (Tables 2,3).

There were statistical differences in the changes of
TVD (P=0.012) and PSVD (P=0.005) during the 24-hour
postoperative window following CPB-assisted cardiac
surgery. There was no significant difference in PPV, MFI,
and HI (Table 3, Figure 1).

TVD and PSVD did not correlate with perfusion
pressure, systolic pressure, MAP, rectal temperature, CI,
systemic vascular resistance index, arterial lactic acid, mixed
venous oxygen saturation, and PCO,gap at the 4-time
intervals but were correlated with DO,I (TVD: r=-0.5059,
P=0.0456; PSVD: r=-0.5499, P=0.0273) at 24 hours
(Tables S1,S2).

PPV did not correlate with perfusion pressure, systolic
pressure, MAP, rectal temperature, CI, systemic vascular
resistance index, arterial lactic acid, mixed venous oxygen
saturation, and DO, at the 4-time intervals, while there was
a moderate correlation with PCO,gap (r=0.4370, P=0.0327)
at 0 hour (Table S3).

MEFI did not correlate with perfusion pressure, systolic
blood pressure, MAP, rectal temperature, CI, systemic
vascular resistance index, arterial lactic acid, and mixed
venous oxygen saturation at the 4-time intervals. On the
other hand, MFI was strongly correlated with PCO,gap
(r=0.6496, P=0.0006) at 0 hour (Table S4).
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Table 3 Microcirculatory parameters at each time interval
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Parameters 0 hour (n=24) 6 hours (n=24) 16 hours (n=19) 24 hours (n=16) P value
TVD (mm/mm?) 29.69+1.96 31.38+1.55 32.97+1.57 34.18+1.20 0.012
PSVD (mm/mm?) 25.10+1.76 27.66+1.69 30.34+1.63 30.72+1.69 0.005
PPV (%) 84.41+2.46 86.54+2.57 91.51+1.28 88.13+3.04 0.314
MFI 2.41+0.09 2.59+0.09 2.63+0.07 2.57+0.09 0.162
HI 0.61+0.11 0.35+0.08 0.43+0.08 0.40+0.10 0.167

Continuous data is presented as mean + SD. TVD, total vascular density; PSVD, perfused small vessel density; PPV, proportion of
perfused small vessels; MFI, microvascular flow index; Hl, flow heterogeneity index; SD, standard deviation.

100
75
:16) Element
IS HI
2 50- BV
3 PSVD
$ ™D
=
25
0 -
T T T T
0 16 24 6

Time, hours

Figure 1 Time trend of microcirculatory parameters. Changes
of TVD (P=0.012) and PSVD (P=0.005) during the 24-hour
postoperative window following CPB-assisted cardiac surgery
showed statistical differences, while PPV, MFI, and HI did not.
HI, flow heterogeneity index; MFI, microvascular flow index;
PPV, proportion of perfused small vessels; PSVD, perfused small
vessel density; TVD, total vascular density; CPB, cardiopulmonary
bypass.

HI showed no correlation with perfusion pressure,
systolic pressure, MAP, rectal temperature, CI, systemic
vascular resistance index, arterial lactic acid, and mixed
venous oxygen saturation at the 4-time intervals but was
moderately correlated with PCO,gap (r=-0.5350, P=0.0071)
at 0 hour (Table S5).

Discussion

Previous studies (17-19) have shown that changes in
microcirculation such as decreased perfusion, functional
shunting, and heterogeneous perfusion occur after CPB-
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assisted cardiac surgery, but there are few studies on the
changes of microcirculatory parameters during the early
postoperative period. A prospective observational study on
microcirculatory changes in children after cardiac surgery
by Scolletta et al. (20) concluded that microcirculation had
different trends during and after cardiac surgery in children
with cyanotic heart disease and noncyanotic heart surgery.
TVD, PPV, and PSVD increased gradually over time,
while MFI and HI did not change significantly in children
with cyanotic heart disease. For children with noncyanotic
heart disease, no parameters changed significantly. Our
results suggested that there were significant differences in
the changes of TVD and PSVD in adult patients within
24 hours of cardiac surgery, while there were no significant
changes in the other parameters. The effect of CPB-assisted
cardiac surgery on adult microcirculation is different from
children with noncyanotic heart disease and resembles more
that of children with cyanotic heart disease. The study by
Scolletta et al. (20) looked at changes from the beginning
of anesthesia to 12 hours after admission to the ICU. It
is speculated that CPB-assisted cardiac surgery has little
effect on the microcirculation of children with noncyanotic
heart disease, while with the intraoperative correction
of cardiac malformations, changes in the concentration
of deoxyhemoglobin and oxygenated Hb result in the
improvement of microcirculatory parameters in the children
with cyanotic heart disease. In our study, CPB may have had
a significant impact on the microvascular density parameters
of TVD and PSVD in adult patients undergoing cardiac
surgery, thus microcirculation changed significantly during
postoperative cardiac resuscitation. A study by den Os
et al. (7) suggested that CPB during cardiac surgery could
reduce sublingual microcirculation perfusion and that
the main manifestation of microcirculatory perfusion
malfunction after CPB-assisted cardiac surgery was the
decrease of perfused capillary, which resulted in decreased
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PSVD and PPV but had no effect on TVD.

Interestingly, no significant change in MFI after CPB
was observed in this study. There are conflicting reports
concerning the influence of CPB on MFI. Some studies
have reported that MFI increased compared with the
baseline after the start of CPB during surgery (18,21), while
some did not observe this effect during cardiac surgery
(20,22,23), and others reported that MFI significantly
decreased compared with the baseline during ICU follow-
up (24,25). It is speculated that the current measurement
method of MFI only reflects the abnormal flow of slow
microcirculation and does not consider the abnormal flow
of hyperdynamic microcirculation. However, hyperdynamic
circulation after CPB is common in clinical practice, making
it difficult to identify the effect of CPB on MFI. The
measurement method of HI is similar to that of MFI, so the
limitation is also similar. In addition, HI is used to evaluate
differences in the adjacent blood flow of microcirculation,
which is common in patients with sepsis. Therefore,
HI is mostly used for microcirculatory studies in sepsis
(26-28) but rarely for microcirculatory studies after cardiac
surgery (20).

Many studies have shown that microcirculatory perfusion
parameters and macroscopic hemodynamic indicators
deteriorate simultaneously during the progression of
acute circulatory failure caused by hypovolemic shock,
sepsis, and pericardial tamponade, indicating that the
changes of the two coincide. A study of a porcine model of
hemorrhagic shock by van Iterson et a/. (29) indicated that
changes in oxygen partial pressure of cardiac and intestinal
microcirculation were closely related to changes in
macroscopic hemodynamic indicators (CI, MAP, and DO,I)
during the progression of hemorrhagic shock. In another
study (30) on animal models of obstructive and endotoxin
shock, the regional perfusion in sublingual, intestinal, and
muscular vascular beds was measured by microcirculatory
assessment, measurement of tissue oxygenation, and
assessment of surrounding skin perfusion at different
time intervals during the progression of circulatory
failure, and the results showed that regional perfusion in
these areas coincided with the changes in the systemic
circulation [cardiac output (CO)]. However, changes in
microcirculatory perfusion were not necessarily consistent
with systemic circulation during resuscitation from
circulatory failure. van Genderen ez a/. (30) reported thatin a
porcine model of cardiac tamponade with obstructive shock,
the microcirculatory perfusion of sublingual, intestinal, and
muscular vascular beds recovered to baseline level when
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CO was restored to baseline level using fluid resuscitation,
suggesting that the improvement of microcirculation and
macrocirculation coincided. Nevertheless, microcirculatory
perfusion did not successfully recover to baseline level,
although CO and MAP were restored to baseline level
using fluid resuscitation in the endotoxin shock model.
Several studies have shown that microcirculation in patients
with sepsis may still maintain hypoperfusion despite the
recovery of macrocirculation with fluid resuscitation and
vasoactive drug treatment. Dubin e /. (31) found that CO,
CI, pulmonary circulatory resistance, systemic circulatory
resistance, and the stroke index of left and right ventricles
could be significantly improved with increased MAP using
norepinephrine in patients with septic shock, but there was
no change in sublingual microcirculatory MFI and PPV, and
a downward trend was observed in PSVD. A randomized,
double-blind crossover study of patients with septic shock
showed the sublingual microcirculatory parameters did
not change by infusing dobutamine and increasing oxygen
delivery (32). Microcirculation plays a key role in delivering
oxygen to cells and maintaining tissue perfusion. Circulatory
dysfunction leads to the loss of hemodynamic correlation
between microcirculation and macrocirculation during the
progression of resuscitation, and microcirculation cannot
be improved correspondently with the improvement of
systemic hemodynamic indicators, resulting in the failure of
organ-system perfusion and oxygen supply and eventually
the development of multiple organ dysfunction or even
death. The loss of consistency between macrocirculation
and microcirculation during resuscitation from severe sepsis
and traumatic hemorrhagic shock has been identified as a
hemodynamic indicator associated with increased incidence
and mortality due to multiple organ failure (33-36).

Due to the particularity of CPB-assisted cardiac surgery,
patients often have extensive microcirculatory dysfunction
after surgery. At present, there are very few reports on the
consistency between microcirculation and macrocirculation
after cardiac surgery. According to a study on children’s
microcirculation by Scolletta et a/. (20), there was no
correlation between macroscopic hemodynamic indicators
(MAP and venous oxygen saturation) and microcirculatory
parameters (TVD, PPV, PSVD, HI, and MFI) at 0, 6,
and 12 hours after CPB. However, these results may not
be relevant for adult patients after cardiac surgery due to
differences in microcirculatory changes between children
and adults. Additionally, only children with cyanotic
congenital heart disease were enrolled in this study. To our
knowledge, there is no research on consistency between
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microcirculation and macrocirculation after cardiac
surgery in adults. Herein, adult patients with CPB-assisted
cardiac surgery were enrolled as study subjects, and the
consistency between various microcirculatory parameters
and macroscopic hemodynamic indicators during the early
postoperative period (within 24 hours) after cardiac surgery
was analyzed. The results indicated that microcirculatory
parameters did not correlate with postoperative hemodynamic
indicators (perfusion pressure, systolic blood pressure, MAP,
CI, and systemic vascular resistance index), oxygen metabolic
indicators (blood lactate, mixed venous oxygen saturation),
and central body temperature at the 4-time intervals
postoperatively. There was only a moderate correlation
between microcirculatory parameters and DO,I at 24 hours
(TVD: r=—0.5059, P=0.0456; PSVD: r=-0.5499, P=0.0273).
According to the calculation formula, DO,I = CI x
Ca0, x 10, DO,I was positively correlated with CI, and
as the increase of CI can improve microcirculation, the
microcirculatory density indicators (TVD and PSVD)
should positively correlate with DO,I. However, due to
the loss of consistency between macrocirculation and
microcirculation during the early postoperative period
after cardiac surgery, there was no correlation between
the CI and microcirculatory parameters in this study and
TVD and PSVD were negatively correlated with DO,I. It
is speculated that ischemia-reperfusion injury during the
early postoperative period may lead to microcirculatory
intolerance to high-level oxygen supply. Even normal-level
oxygen supply may cause adverse effects on microcirculation
due to the increased production of oxygen free radicals.
Low-level oxygen supply may be more conducive to the
recovery of microcirculatory function during the early
postoperative period. Multiple studies on experimental
cardiac arrest have shown that high-concentration oxygen
ventilation after restoring spontaneous circulation is
associated with the aggravation of cerebral nerve damage
and a worse prognosis (37-39). However, due to the lack
of reports on the correlation between microcirculatory
parameters and the indicators of oxygen supply and oxygen
consumption (VO,), this remains to be confirmed by
larger-scale studies. In this study, there was no significant
correlation between microcirculatory parameters and
arterial lactate level, which is a common indicator of tissue
perfusion. An increase in blood lactate levels after cardiac
surgery is normally related to organic anaerobic metabolism
caused by microcirculatory dysfunction. In addition,
nonhypoxic mechanisms such as organic hypermetabolism
may play a significant role in increasing blood lactate levels
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(40-42). However, the lack of statistical correlation between
microcirculatory parameters and blood lactate level in our
study may have been due to the limited sample size.

Pv-aCO, is considered to be a good indicator for
evaluating organic blood flow. According to the modified
Fick’s formula, Pv-aCO, = k x total carbon dioxide
production (VCO,)/CO, Pv-aCO, is inversely proportional
to CO, which is supported by the results of clinical studies
on patients with septic shock (43,44). However, some
studies have reported no significant negative correlation
between Pv-aCO, and CO (45,46). In our study, Pv-aCO,
was not significantly negatively correlated with CI at
0 hour (r=-0.181, P=0.397) but showed a strong positive
correlation with MFI (r=0.6496, P=0.0006). During the
early postoperative period following cardiac surgery,
microcirculatory perfusion is often restored. The hydrogen
ions generated by anaerobic glycolysis and adenosine
triphosphate (ATP) hydrolysis accumulated in the interstitial
space will enter the bloodstream in large quantities with
the increase of microcirculatory flow and is buffered by
bicarbonate in the bloodstream, resulting in the output of a
large amount of anaerobic carbon dioxide, thus significantly
increasing VCO, (47). It can be seen from the modified
Fick’s formula that Pv-aCO, is inversely proportional to
CO and also proportional to VCO,. An increase in VCO,
will also cause PCO,gap, which can explain the strong
positive correlation between Pv-aCO, and MFI at the time
of admission to the ICU (at 0 hour) postcardiac surgery. On
the other hand, the replacement of carbon dioxide content
by PCO, is due to the near-linear correlation between the
two under physiological conditions. In fact, the relationship
between PCQO, and total blood carbon dioxide content is
affected by many factors, including blood oxygen saturation,
hematocrit, temperature, and the degree of metabolic
acidosis (48). Patients after cardiac surgery are not under
normal physiological conditions, so the relationship
between PCO, and total blood carbon dioxide content is
not necessarily an ideal linear relationship. Ospina-Tascén
et al. (47) suggested that VCO, calculated according to
Fick’s formula, VCO, = CO x (CvCO, - CaCOQO,), was
effective under steady-state conditions, while the recovery
of blood flow after organic ischemia would overstimulate
VCO,, resulting in an increase in VCO,/VO,, which
is consistent with the conclusion of our study. Herein,
Pv-aCO, was no longer correlated with MFI at 6 and 16
hours, suggesting that PCO, could not completely replace
carbon dioxide content under nonphysiological conditions
to some extent.
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There has been no research on the correlation between
microcirculatory parameters and PCO,gap after cardiac
surgery. A study on the correlation between PCO,gap and
microcirculatory parameters in patients with sepsis (49)
suggested that PCO,gap was the best predictor of uneven
microvascular flow distribution and was significantly
related to changes in PPV. In this study, we found that
PPV moderately correlated with PCO,gap (r=0.4370,
P=0.327) at 0 hour. This may be because there were so
many factors affecting PCO,gap after cardiac surgery that
PCO,gap could not reflect the postoperative distribution
of microvessels. It is also possible that this resulted from a
limited sample size.

The value of HI, which is used to evaluate differences in
the adjacent blood flow of microcirculation, is calculated
by MFI, so its correlation with carbon dioxide-related
indicators is similar to that of MFIL.

The shortcomings of this study are as follows: (I)
the sample size was small, and increasing the number
of patients enrolled may make the relationship between
microcirculatory parameters and macrocirculatory changes
clearer and more explicit. (II) The trend of dynamic
change of microcirculatory parameters after CPB-assisted
cardiac surgery was not clarified. (IIT) The value of early
microcirculatory parameters after CPB-assisted cardiac
surgery in determining the prognosis of patients was not
analyzed.

Conclusions

Taken together, the primary finding of this study was that
TVD and PSVD might be two most sensitive indicators
affected by CPB-assisted cardiac surgery that changed
significantly during the first 24 hours postoperatively.
We detected no consistency between microcirculation
and macrocirculation during the early postoperative
period after cardiac surgery, meaning the improvement
of systemic hemodynamic indicators does not guarantee
correspondently improvement in microcirculation.
However, the consistency between the two parameters was
restored 24 hours postoperatively, mainly manifested by the
negative correlation between DO, and microcirculatory
parameters. It is suggested that early controlled oxygen
supply after CPB-assisted cardiac surgery may be conducive
to the resuscitation of patients to a certain extent. On
the other hand, there was a certain correlation between
carbon dioxide-related indicators and microcirculatory flow
parameters (MFI and HI) during the early postoperative
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period after cardiac surgery, and this correlation changed
dynamically following the resuscitation process. Further
studies with larger sample sizes are warranted to clarify the
relationship between early microcirculatory parameters and
macrocirculatory changes following CPB-assisted cardiac
surgery. Moreover, future studies should aim to evaluate
the value of microcirculatory parameters in determining
the prognosis of patients and improve microcirculatory
parameters through clinical interventions for better patient
outcomes.
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Supplementary

Table S1 Correlation analysis of TVD and various clinical indicators at different time intervals

0 hour (n=24) 6 hours (n=24) 16 hours (n=19) 24 hours (n=16)

Indicators

Coefficient P value Coefficient P value Coefficient P value Coefficient P value
Perfusion pressure (mmHg) 0.1515 0.4798 0.0055 0.9795 0.2066 0.3961 0.1803 0.5041
Systolic pressure (mmHg) 0.1423 0.5072 0.1086 0.6135 0.1284 0.6003 0.1456 0.5905
MAP (mmHg) 0.0355 0.8694 -0.0165 0.9392 0.1624 0.5065 0.2268 0.3983
Central body temperature -0.1911 0.3711 0.1761 0.4106 0.3430 0.1505 -0.1403 0.6043
(rectal temperature) (°C)
Cl (L/min/m? -0.1527* 0.4761 -0.0078 0.9712 0.0688 0.7794 -0.3862 0.1395
Systemic vascular resistance 0.2618 0.2165 —-0.0907 0.6734 -0.1261 0.6070 0.1307 0.6295
index (dyn-sec/cm®/m?)
Arterial lactic acid (mmol/L) 0.1933* 0.3656 0.1280 0.5510 —-0.4428 0.0576 0.1176 0.6643
Mixed venous oxygen 0.1184* 0.5815 0.2865 0.1747 0.0603 0.8063 -0.0873 0.7478
saturation (%)
DO,I (mL/min-m? -0.0957* 0.6566 0.0451 0.8342 -0.0239 0.9226 -0.5059 0.0456
PCO,gap (mmHg) 0.0434 0.8404 0.1404 0.5128 -0.4018 0.0882 0.1380 0.6102

*, Spearman correlation analysis was used for non-normally distributed data. TVD, total vascular density; MAP, mean arterial pressure; Cl,
cardiac index; DO,l, oxygen delivery index; PCO,gap, carbon dioxide partial pressure difference.

Table S2 Correlation analysis of PSVD and various clinical indicators at different time intervals

0 hour (n=24) 6 hours (n=24) 16 hours (n=19) 24 hours (n=16)

Indicators

Coefficient P value Coefficient P value Coefficient P value Coefficient P value
Perfusion pressure (mmHg) 0.2506 0.2375 -0.0138 0.9491 0.0810 0.7418 0.1034 0.7033
Systolic pressure (mmHg) 0.1923 0.3680 0.0792 0.7131 0.0293 0.9052 0.1041 0.7014
MAP (mmHg) 0.1555 0.4682 0.0061 0.9776 0.0494 0.8409 0.1968 0.4651
Central body temperature -0.0861 0.6890 0.1783 0.4046 0.3552 0.1356 -0.2219 0.4088
(rectal temperature) (°C)
Cl (L/min/m? -0.1033* 0.6310 0.0115 0.9573 0.1148 0.6399 -0.3223 0.2234
Systemic vascular resistance 0.3696 0.0755 -0.1275 0.5526 -0.2240 0.3565 0.0867 0.7494
index (dyn-sec/cm®/m?)
Arterial lactic acid (mmol/L) 0.0474* 0.8258 -0.9786 0.0058 -0.4087 0.0823 0.0887 0.7440
Mixed venous oxygen 0.1437* 0.5029 0.1918 0.3694 0.0173 0.9939 -0.1059 0.6962
saturation (%)
DO,I (mL/min-m? -0.0574* 0.7900 0.0525 0.8074 0.0004 0.9986 -0.5499 0.0273
PCO,gap (mmHg) 0.2636 0.2133 0.0715 0.7397 -0.3521 0.1393 0.2466 0.3572

*, Spearman correlation analysis was used for non-normally distributed data. PSVD, perfused small vessel density; MAP, mean arterial
pressure; Cl, cardiac index; DO,l, oxygen delivery index; PCO,gap, carbon dioxide partial pressure difference.
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Table S3 Correlation analysis of PPV and various clinical indicators at different time intervals

0 hour (n=24)

6 hours (n=24)

16 hours (n=19)

24 hours (n=16)

Indicators

Coefficient P value Coefficient P value Coefficient P value Coefficient P value
Perfusion pressure (mmHg) 0.1631 0.4464 -0.0393* 0.8555 -0.3735 0.1152 0.0192* 0.9438
Systolic pressure (mmHg) 0.0024 0.9912 0.0564* 0.7935 -0.3333 0.1632 0.1502* 0.5787
MAP (mmHg) 0.2012 0.3459 0.1019* 0.6357 —-0.2981 0.0914 0.1669* 0.5367
Central body temperature 0.2335 0.2722 0.2229* 0.2951 0.2470 0.3081 —-0.1438* 0.5952
(rectal temperature) (°C)
Cl (L/min/m? —-0.1549* 0.4698 0.0861* 0.6892 0.1941 0.4259 -0.0531* 0.8450
Systemic vascular resistance 0.2273 0.2855 —0.0935* 0.6639 —-0.4254 0.0694 -0.0412* 0.8797
index (dyn-sec/cm®/m?)
Arterial lactic acid (mmol/L) -0.3687* 0.0763 —-0.2600* 0.2199 -0.0647 0.7925 0.2096* 0.4359
Mixed venous oxygen -0.1393* 0.5161 -0.0427* 0.8430 -0.0778 0.7517 0.0265* 0.9224
saturation (%)
DO,I (mL/min-m? -0.2122* 0.3196 0.0905* 0.6742 0.0898 0.7174 -0.3471* 0.1878
PCO,gap (mmHg) 0.4370 0.0327 —0.0988* 0.6462 0.0499 0.8391 —-0.0626* 0.8179

*, Spearman correlation analysis was used for non-normally distributed data. PPV, proportion of perfused small vessels; MAP, mean
arterial pressure; Cl, cardiac index; DO,|, oxygen delivery index; PCO,gap, carbon dioxide partial pressure difference.

Table S4 Correlation analysis of MFI and various clinical indicators at different time intervals

0 hour (n=24) 6 hours (n=24) 16 hours (n=19) 24 hours (n=16)

Indicators

Coefficient P value Coefficient P value Coefficient P value Coefficient P value
Perfusion pressure (mmHg) 0.0732 0.7340 0.1337* 0.5335 0.0153 0.9505 0.0707 0.7948
Systolic pressure (mmHg) -0.0357 0.8686 0.0935* 0.6639 -0.2135 0.3802 0.0004 0.9988
MAP (mmHg) 0.1159 0.5898 0.1370* 0.5233 -0.1721 0.4810 0.2082 0.4391
Central body temperature 0.0913 0.6713 0.1936* 0.3646 0.4498 0.0533 -0.2966 0.2646
(rectal temperature) (°C)
Cl (L /min/m? -0.1919* 0.3689 0.0871* 0.6856 0.1738 0.4767 -0.0750 0.7826
Systemic vascular resistance 0.2227 0.2955 -0.0362* 0.8667 -0.2999 0.2122 -0.0312 0.9086
index (dyn-sec/cm®/m?)
Arterial lactic acid (mmol/L) -0.1983* 0.3530 -0.0221* 0.9185 —-0.0003 0.9992 0.0955 0.7249
Mixed venous oxygen -0.0642*¢ 0.7658 -0.1492* 0.4867 —0.0901 0.7138 -0.1649 0.5417
saturation (%)
DO,I (mL/min-m? -0.2101* 0.3245 0.0666* 0.7571 0.1632 0.5045 -0.4021 0.1226
PCO,gap (mmHg) 0.6496 0.0006 0.0689* 0.7491 -0.2519 0.2982 0.1483 0.5836

*, Spearman correlation analysis was used for non-normally distributed data. MFI, microvascular flow index; MAP, mean arterial pressure;

Cl, cardiac index; DO,l, oxygen delivery index; PCO,gap, carbon dioxide partial pressure difference.
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Table S5 Correlation analysis of HI and various clinical indicators at different time intervals

0 hour (n=24) 6 hours (n=24) 16 hours (n=19) 24 hours (n=16)

Indicators

Coefficient P value Coefficient P value Coefficient P value Coefficient P value
Perfusion pressure (mmHg) -0.0252 0.9069 -0.2115* 0.3210 0.0847* 0.7304 -0.1190* 0.6608
Systolic pressure (mmHg) 0.1796 0.4011 -0.1319* 0.5389 0.0234* 0.9244 -0.0378* 0.8894
MAP (mmHg) -0.0652 0.7623 -0.2011* 0.3461 0.1167* 0.6343 -0.2842* 0.2860
Central body temperature -0.1155 0.5911 -0.1306" 0.5431 -0.3780" 0.1105 0.3630" 0.1671
(rectal temperature) (°C)
Cl (L/min/m?) 0.1609* 0.4525 -0.0351* 0.8707 -0.0750* 0.7603 0.1234* 0.6488
Systemic vascular resistance  -0.0986 0.6466 -0.0271* 0.8999 0.0256* 0.9173 -0.0919* 0.7351
index (dyn-sec/cm®/m?)
Arterial lactic acid (mmol/L) 0.2996* 0.1492 0.0790* 0.7136 0.1075* 0.6613 -0.0297* 0.9129
Mixed venous oxygen 0.1492* 0.4865 0.2051* 0.3364 0.1559* 0.5239 0.0994* 0.7142
saturation (%)
DO,| (mL/min-m? 0.1716* 0.4226 —-0.0368* 0.8646 -0.0141* 0.9543 0.4356* 0.0917
PCO,gap (mmHg) -0.5350 0.0071 0.0648* 0.7636 0.2988* 0.2139 0.0353* 0.8968

*, Spearman correlation analysis was used for non-normally distributed data. HI, flow heterogeneity index; MAP, mean arterial pressure; Cl,
cardiac index; DO,l, oxygen delivery index; PCO,gap, carbon dioxide partial pressure difference.
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