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Handheld vital microscopes allow for direct observation of the sublingual microcirculatory perfusion during cardiac surgery. Through the use of
handheld vital microscopes, it has been shown that cardiac surgery with cardiopulmonary bypass is associated with reduced and heterogenous
microcirculatory perfusion. Microcirculatory impairment can result in inadequate tissue perfusion, leading to perioperative complications and
poor outcome. Because microcirculatory impairment can occur despite stable or improved global hemodynamics, there is a yet unmet need for
specific monitoring of the microcirculation. Technological advancements may facilitate point-of-care monitoring of microcirculatory perfusion
using automated real-time analysis of microcirculatory measurements. Thus, microcirculatory monitoring may create new opportunities for spe-
cific microcirculatory treatment as part of hemodynamic management. The implementation of microcirculatory variables into personalized treat-
ment concepts has the potential to improve hemodynamic management during cardiac surgery and thereby improve patient outcomes. Therefore,
specific treatment strategies need to be developed to prevent or treat alterations of the microcirculatory perfusion. In the future, the use of hand-
held vital microscopes for microcirculatory monitoring may help to improve hemodynamic management and outcomes for patients undergoing
cardiac surgical procedures.

© 2019 Elsevier Inc. All rights reserved.

Key Words: microvascular flow index; microcirculatory monitoring; microcirculatory perfusion; capillary perfusion; cardiothoracic surgery; cardiopulmonary
bypass

CARDIAC surgery is associated with marked alterations in
global cardiovascular dynamics (eg, in blood pressure or car-
diac output) and severely altered tissue perfusion as a result of
transition to nonpulsatile blood flow during cardiopulmonary
bypass (CPB). These macrocirculatory alterations potentially
can result in tissue hypoperfusion, which is associated with tis-
sue hypoxia.! Thus, it is one of the main goals for

'Address reprint requests to Bernd Saugel, MD, Department of Anesthesiol-
ogy, Center of Anesthesiology and Intensive Care Medicine, University Medi-
cal Center Hamburg-Eppendorf, Martinistrasse 52, 20246 Hamburg, Germany.

E-mail address: bernd.saugel @gmx.de (B. Saugel).

https://doi.org/10.1053/j.jvca.2019.10.038
1053-0770/© 2019 Elsevier Inc. All rights reserved.

anesthesiologists to prevent or treat alterations in global car-
diovascular dynamics with adequate hemodynamic manage-
ment during cardiac surgery. Nonetheless, the ultimate goal of
hemodynamic management during cardiac surgery is a suffi-
cient supply of oxygen to the organs and tissue and to preserve
microcirculatory perfusion.” As anesthesiologists, we hope to
optimize the microcirculation by optimizing the macrocircula-
tion.

The microcirculation is a complex network of microvessels,
including arterioles, capillaries, and venules. Microcirculatory
perfusion can be severely impaired during cardiac surgery,
with or without CPB, as a result of reduced cardiac output,
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nonpulsatile blood flow, inflammation, hemodilution, and
hypothermia.” In clinical practice, detection of these microcir-
culatory alterations can be challenging because microcircula-
tory alterations also may occur regionally or even when global
hemodynamics are preserved. This may result in the so-called
loss of hemodynamic coherence (or decoupling of the macro-
circulation and microcirculation).”

The use of handheld vital microscopes (HVMs) enables direct
visualization of the sublingual capillary bed and HVMs can be
used to monitor microcirculatory perfusion.” Even though HVMs
cannot directly measure tissue oxygenation yet, they allow for
quantification of microcirculatory perfusion and convective and
diffusive transport of oxygen. This application of HVMs has cre-
ated a better understanding of microcirculatory alterations during
cardiac surgery. However, their use in daily clinical routine out-
side of research applications still is not recommended.”°

In this narrative review, the current knowledge is summa-
rized and potential future directions regarding the monitoring
of the sublingual microcirculation during cardiac surgery are
discussed. Specifically, bedside monitoring of the microcircu-
lation is the main focus, and how it may be used to guide thera-
peutic interventions in cardiac surgery patients is evaluated
critically.

Methods to Assess Sublingual Microcirculation

The present review focuses on the use of HVMs to visualize
and quantify microcirculatory perfusion. Other markers of
microcirculatory perfusion and tissue oxygenation, such as the
venous-arterial carbon dioxide tension difference,” central
venous oxygen saturation,” or clinical assessments’ (eg, the
capillary refill time or the mottling score), are well-established
in clinical practice but are beyond the scope of this review.

Handheld Vital Microscopes

HVMs allow for the noninvasive direct visualization of the
capillary bed and recording of capillary perfusion. The first
generation of these penlike probes was introduced in the late
1990s using orthogonal polarization spectral (OPS) imaging to
visualize the capillary bed.'” The microcirculation can be cap-
tured by placing the device on mucous membranes (eg, the
sublingual or intestinal mucosa) or directly on an organ surface
under sterile conditions. OPS imaging uses linearly polarized
light that is reflected from the tissue surface and creates an
image only from the scattered photons. Because of technologi-
cal advancements, OPS has been replaced by sidestream dark
field (SDF) imaging'' and, more recently, incident dark field
imaging.'” Both technologies function with light-emitting
diodes with a wavelength of 530 nm, the isosbestic point of
hemoglobin absorption spectra, that are placed at the tip of the
probes. Based on the light absorption of hemoglobin, the cre-
ated image shows red blood cells as dark moving globules,
whereas the surrounding tissue is displayed as a bright blur
(Fig 1). Consequently, vessels must contain red blood cells in
order to be visualized."’

SDF devices are connected to analog video cameras and a
monitor for direct display. The devices require manual adjust-
ment of illumination and image focus. Before an offline analy-
sis is possible, the videos need to be converted into a digital
signal. In comparison, incident dark field imaging uses a digi-
tal sensor that is synchronized to short-pulsed illumination
resulting in sharper and higher contrast images with a larger
field of view."”

The most commonly investigated regional site for HVMs is
the sublingual mucosa because it is easily accessible and meas-
urements are possible in both awake and sedated patients.’
Even though measurements directly on organ surfaces have
been proposed to describe the microcirculation of, for exam-
ple, the liver,'* the brain,"” or the lung,16 these measurements
are rarely possible outside of the operating room. The sublin-
gual microcirculation correlates well with the gastrointesti-
nal'’ and renal perfusion'® and therefore may be a useful
surrogate for the microcirculation of vital organs. An updated
expert consensus was published recently as a guideline for
acquisition and interpretation of sublingual microcirculatory
measurements.” These guidelines also include a series of stan-
dardized variables to describe the microcirculatory function.

Convective capacities of the microcirculation, such as red
blood cell velocity, can be quantified using the microvascular
flow index (MFI). The MFI is a semiquantitative assessment

Fig 1. Visualization of the sublingual microcirculation using handheld vital
microscopes. Video acquisition of the sublingual mucosa using a handheld
vital microscope. Images are obtained with a handheld probe connected to a
computer with video recording software.
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of red blood cell velocity per image quadrant or an average of
individual vessel flow. In addition, the proportion of perfused
vessels (PPV), defined as a binominal determinant of perfusion
(“flow” or “no flow”), can provide information on convective
characteristics of the microcirculatory perfusion. More
recently, a space-time diagram was proposed to directly deter-
mine single-cell red blood cell velocity in each vessel.

Diffusive capacities can be quantified by the total vessel
density (TVD), defined as the sum of all capillaries containing
red blood cells divided by the field of view. Likewise, the
grid-based De Backer score can be used to approximate the
TVD. The perfused vessel density (PVD) is an estimate for the
functional capillary density (FCD) and reflects convective and
diffusive components. The PVD only includes vessels with
blood flow and is calculated as PPV multiplied by the TVD.
The PVD can be considered the gold standard for experimental
research, but absolute PVD measurements may vary by up to
30% because of methodical differences and observer depen-
dence.’ Recently, the FCD, which is based on automated
analysis of blood cell flow in each individual vessel using the
space-time diagram was proposed as a less subjective vari-
able.”” An overview of the most common microcirculatory
variables is presented in Table 1.

An advantage of HVMs is that they enable multiple vessels to
be visualized at the same time. This allows for the identification
of blood flow variation within a single area of interest, referred
to as flow heterogeneity. Determination of flow heterogeneity
can help differentiate among different types of shock (eg, dis-
tributive versus cardiogenic shock). The heterogeneity index
can be calculated based on the variation of MFI or PPV within
the field of view. Although this is technically challenging, the
heterogeneity index should be calculated based on red blood
cell velocity variation of all analyzed vessels. Flow heterogene-
ity should not be confused with general heterogeneity of the
sublingual microcirculatory anatomy. Even though single spot
measurements may be performed to evaluate flow changes
within a single vessel over time, it is consequently recom-
mended to average measurements from at least 3 different sites
to evaluate microcirculatory flow at a given time point.

The quality of videos recorded with an HVM needs to be
checked before analysis, ideally by an independent observer.
A quality score to evaluate brightness, focus, stability, dura-
tion, content, and pressure has been described to set quality
standards for the video acquisition.”’

Pressure artifacts caused by unnecessary force with the
probe on the mucosa can restrict microcirculatory flow, lead-
ing to inaccurate measurements. Therefore, it is recommended
that users of HVMs undergo theoretical and practical training.

The current reference method to convert HVM video sequen-
ces into quantitative measurements is a semiautomated analysis.
A computer software preprocesses the video by improving
brightness, enhancement of contrast, and background subtrac-
tion. The videos then are stabilized and the software automati-
cally detects the vessels. The blood flow in each vessel is scored
on a scale from 0 (no flow) to 3 (normal flow). Afterwards, all
described variables can be calculated from these data. The auto-
mated vessel detection remains challenging and needs to be

Table 1
Microvascular Variables

Variable Unit Definition

MFI au Grid-based score: 0 =no flow,
1 = intermittent flow, 2 = sluggish flow,
3 =normal flow

PPV % Perfused vessels per total vessels based on
binominal determinant of perfusion
(“flow” or “no flow”)

TVD mm/mm’  Total vessel area per surface area; surrogate
for capillary distance

PVD mm/mm’  Percentage of perfused vessels x TVD;
surrogate for diffusive and convective
forces

FCD mm/mm?  Measure of PVD based on individual vessel
STD

HI au Variable for flow heterogeneity

De Backer Score  n/mm Surrogate for TVD

STD mm/s Automated analysis of red blood cell
velocity

Abbreviations: au, arbitrary unit; FCD, functional capillary density; HI,
heterogeneity index; MFI, microvascular flow index; PPV, proportion of
perfused vessels; PVD, perfused vessel density; STD, space-time diagram;
TVD, total vessel density.

revised manually, leading to a hybrid of automatic and manual
analyses.'” The analysis of a single video can require up to 20
minutes, performed by an experienced operator.””*” This com-
plex and time-consuming process is yet a major limitation.”’
Recently, an algorithm was proposed for fully automated video
analysis, which can provide instant results and prevents
observer bias during the analysis.”’

Overall, the standardization of variables to describe the sub-
lingual microcirculation is an important step toward bedside
monitoring. However, the measurements are dependent on the
investigator and the technology and analysis method used.
Hence, it remains difficult to define normal values for the sub-
lingual microcirculation and to compare results from different
investigators.

Assessment of the Endothelial Glycocalyx and the Perfused
Boundary Region

In the last years, the use of HVMs was suggested as a method
to determine the integrity of the glycocalyx, the inner surface
layer of the endothelium, through assessment of the perfused
boundary region (PBR) (Fig 2).”*** The glycocalyx, which by
itself is invisible to HVMs, covers the inner surface of micro-
vascular endothelial cells and consists of a carbohydrate-rich
structure. It plays an important role in vascular function and reg-
ulates fluid homeostasis as a key component of the ionic and
colloid osmotic gradient. Under physiological conditions, there
is a constant balance between synthesis and shear-induced deg-
radation of the glycocalyx. Uncontrolled glycocalyx shedding
can be caused by inflammation, ischemia/reperfusion injury, or
acute volume loading (eg, during cardiac surgery).”**’ Exces-
sive glycocalyx shedding is associated with an impaired endo-
thelial function, leading to increased vascular permeability and
inadequate microcirculatory flow (see Fig 2).%*
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Fig 2. Microcirculatory perfusion. (A) Microcirculatory perfusion under normal conditions with intact glycocalyx layer. (B) Shedding of the glycocalyx layer due
inflammation, flow alterations, medications, or excessive fluid administration. (C) Damaged endothelial glycocalyx layer with increased flow resistance and

impaired microcirculatory perfusion. PBR, perfused boundary region.

The degraded structural components of the glycocalyx are
released into the bloodstream and can be used as markers of
endothelial damage. Plasma syndecan-1 and heparan sulfate
are markers of glycocalyx degradation, which can be detected
by enzyme-linked immunosorbent assay.”” Because of the
wide variation between absolute measurements, these markers
are commonly solely recommended as trending variables.
Limitations include their inability to detect restoration of the
glycocalyx or to identify the cause of glycocalyx shedding.

HVMs also may be used to indirectly evaluate the integrity
of the glycocalyx.”> Under physiological conditions, red blood
cells flow in the center region of the microvessels and do not
breach the glycocalyx layer. When the glycocalyx is damaged
or reduced, red blood cell flow deviates from the center of the
vessel. Under these conditions, red blood cells may approach
the endothelium and penetrate the glycocalyx.”" This differ-
ence in flow deviation can be calculated as the difference
between median and outer deviation of red blood cell flow in
video sequences (see Fig 2). It is referred to as the PBR and
functions as an indirect inverse measure for the glycocalyx
dimensions.”” This measurement requires an investigator who
is well-experienced in the use of HVMs.

Clinical Application of Microcirculatory Monitoring
During Cardiac Surgery

CPB leads to distinct cardiovascular changes, including
hemodilution, nonpulsatile blood flow, and hypotension, which

impair microcirculatory perfusion.”’ Until now, many studies
that investigated the microcirculation during cardiac surgery
were solely observational. In addition, most studies only
included a small number of patients and had few measurement
points as a result of the complex and time-consuming analysis.
The heterogeneity in available data makes a direct comparison
of the studies difficult. Only recently, standards for the assess-
ment of sublingual microcirculation have been established.”
Overall, the available data indicate that cardiac surgery is
associated with distinct microcirculatory alterations, especially
during CPB. Several observational studies have shown that the
PVD is reduced after the initiation of CPB. In addition, the
MFI decreases throughout the intraoperative period, and CPB
seems to be associated with an increase in flow heterogeneity.
One of the first prospective observational studies investigating
the sublingual microcirculation during cardiac surgery with CPB
used OPS imaging in 47 patients undergoing coronary artery
bypass grafting (CABG), valve surgery, or a combination of
both.* The results showed a decrease of the FCD (ie, PVD) dur-
ing CPB, but values returned to baseline within 1 hour after ter-
mination of CPB. The decrease in PVD during CPB correlated
with decreased esophageal temperature and hemoglobin levels,
suggesting a detrimental effect on the sublingual microcircula-
tion. Despite the recovery of the sublingual microcirculatory flow
and systemic hemodynamics shortly after discontinuation of
CPB, lactate levels increased further after termination of CPB. In
another observational study including 22 patients undergoing
valve surgery or on-pump CABG (ONCAB) (n=9) or off-pump
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CABG (OPCAB) (n=6) or thyroidectomy (n=7)", the CPB-
induced reduction of PVD did not recover at the end of surgery
despite recovery of mean arterial pressure (MAP) and cardiac
output. All microcirculatory variables, except PPV, returned to
baseline within 24 hours after surgery, and this could indicate a
transient loss of macrocirculation-microcirculation coupling.
Increases in lactate levels showed a correlation with the PVD in a
linear regression analysis in that study.

The MFI was investigated with SDF imaging in a study includ-
ing 25 patients undergoing ONCAB surgery, with 5 patients
undergoing an additional valve procedure.”* The results showed
a decrease of the MFI after the initiation of CPB compared with
values obtained after induction of anesthesia. In contrast to other
findings, this trend was only observed in vessels between 25 and
50 pm diameter, whereas the MFI in small vessels (<25 Jum)
remained stable during CPB. Furthermore, MFI returned to base-
line values after intensive care unit (ICU) admission. The PVD
and PPV were not analyzed in this study.

Despite their heterogeneity in design, these studies suggest that
cardiac surgery with CPB is associated with microcirculatory
alterations during the intraoperative period. The observed
decrease of PVD and MFI during CPB indicates reduced micro-
circulatory perfusion. Even though impaired microcirculatory
perfusion during CPB could be explained by changes in macro-
circulatory hemodynamics, such as cardiac output, postoperative
recovery of macrocirculatory variables does not ensure the recov-
ery of the microcirculation caused by a possible transient loss of
macrocirculation-microcirculation coupling.

Endothelial Function and the Glycocalyx During Cardiac
Surgery

The impairment of the glycocalyx is associated with
reduced sublingual microcirculatory perfusion.” Recently,
endothelial impairment and a simultaneous reduction of sub-
lingual microcirculatory perfusion was observed in a number
of studies.”” %%

An observational study with 36 patients who underwent
CABG surgery without CPB (n=12), with pulsatile CPB
(n=12), and with nonpulsatile CPB (n= 12)25 investigated the
changes in microcirculatory perfusion and endothelial function.
In line with previous studies, the PVD decreased in both groups
during CPB. In addition, the PBR increased during the CPB
phase, suggesting damage of the microvascular endothelium
and its glycocalyx layer. Interestingly, microcirculatory perfu-
sion returned to baseline values in the group with pulsatile CPB,
whereas alterations persisted in the group with nonpulsatile
CPB. Pearson correlation showed a correlation between PVD
and PBR, indicating an inverse relationship between microcir-
culatory perfusion and the PBR. In patients who underwent
OPCAB surgery, no changes in the PVD or the PBR, as markers
of endothelial damage, were observed.

Another study with 15 patients showed a temporary decrease
of PVD and the De Backer score during ONCAB and elective
valve surgery.’® The transient decrease of microcirculatory per-
fusion was associated with a simultaneous increase in glycoca-
lyx shedding markers during anesthesia and CPB.

With increasing interest in the postoperative period, another
study observed the sublingual microcirculation until 72 hours
post-surgery in 17 ONCAB patients.”® The results showed a
persistent decrease of the PVD and PPV after the initiation of
CPB until the last measurement at 72 hours post-surgery. Fur-
thermore, CPB resulted in a trend of increased PBR and
increased plasma syndecan-1 and heparan sulfate levels as
signs of endothelial impairment.

These results provide evidence that an impaired sublingual
microcirculation is associated with decreased glycocalyx
dimensions that persist after cardiac surgery with CPB. Persis-
tent damage to the endothelium could be an underlying mecha-
nism for the loss of hemodynamic coherence and facilitate
organ dysfunction. However, no outcomes were reported in
these small cohorts. In addition, the macrohemodynamic data
were not reported in these studies, and it can only be assumed
that they were stable after the end of surgery.

On-Pump Versus Off-Pump Cardiac Surgery

CPB is an invasive procedure resulting in several unphysio-
logical changes in the body. Hypothermia, hemodilution, and
CPB-induced inflammation have been suggested as causes of
microcirculatory impairment during CABG surgery. Unphy-
siological nonpulsatile blood flow and leukocyte and platelet
activation during CPB facilitate inflammatory reactions and
potentially harm the patient.”” Therefore, several studies have
addressed whether OPCAB surgery results in smaller microcir-
culatory alterations compared with ONCAB surgery.

Distinct differences in microcirculatory perfusion between
ONCAB and OPCAB were investigated in a prospective
observational study with 26 patients undergoing ONCAB
(n=13) or OPCAB (n=13) surgery.3 ¥ A reduction in micro-
circulatory perfusion was only found in the ONCAB group. As
previously described, the initiation of CPB resulted in a
decrease of the TVD and PVD. Furthermore, the MFI was
reduced and microvascular impairment persisted after termina-
tion of CPB until ICU admission. No changes in microcircula-
tory perfusion were found in the OPCAB group.

Flow heterogeneity and tissue oxygenation, as determined
by mixed venous oxygen saturation, were compared between
ONCAB (n=18) and OPCAB (n=13) surgery in a study
including 31 patients.”” As expected, the heterogeneity index
increased after the initiation of CPB with a simultaneous
decrease in oxygen extraction and arteriovenous oxygen dif-
ference, suggesting reduced tissue oxygenation as a sign of
possible microvascular shunting. Again, no relevant changes
were observed in the OPCAB group. There were no marked
alterations in microvascular flow or oxygenation markers in
OPCAB patients during the study period.

Interestingly, in another observational study, neither
ONCAB (n=16) nor OPCAB (n = 16) surgery resulted in dis-
tinct sublingual microcirculatory alterations in 32 patients.” A
total of 8 measurements of the sublingual microcirculation
were performed in the perioperative period, including 5 intrao-
perative measurements. Despite a marked reduction in macro-
hemodynamic variables during CPB, only minor changes in
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sublingual microcirculatory flow were observed. In addition,
the results indicated a correlation of hypothermia and impaired
sublingual microcirculation. However, only one video was
obtained at each time point, which is considered insufficient
according to current guidelines.’

An observational study including 48 patients undergoing
either ONCAB (n=24) or OPCAB (n=24) surgery investi-
gated sublingual microcirculation and sublingual oxygen satu-
ration.”’ Measurements were performed with either an HVM
using SDF imaging to determine sublingual perfusion (n =24)
or reflectance spectrophotometry to assess sublingual oxygen
saturation (n = 24) resulting in 4 groups with 12 patients each.
The results showed a decrease of PVD after the initiation of
CPB. In addition, the sublingual venous flow velocity and oxy-
gen saturation were increased during CPB in these patients,
which suggests decreased oxygen extraction. The measure-
ments in the OPCAB group were performed before and during
cardiac luxation and showed that cardiac luxation resulted in a
merely small decrease of the PVD, blood flow velocity, and
sublingual oxygen saturation.

Distinct effects of cardiac luxation on microcirculatory per-
fusion also were investigated in a prospective observational
study with 36 patients undergoing OPCAB surgery."” Micro-
circulatory perfusion was assessed either by sublingual mea-
surement using SDF imaging (n=12), sublingual oxygen
saturation using reflectance spectrophotometry (n=12), or
cerebral oxygen saturation using near-infrared spectrophotom-
etry (n=12) before, during, and after cardiac luxation. In line
with previous findings,"' the analysis of sublingual capillary
density showed no difference during the study period. In con-
trast, the blood cell velocity, sublingual oxygen saturation, and
the cerebral oxygen saturation were reduced temporarily dur-
ing cardiac luxation in the respective group. Nonetheless, the
results from each group suggest a concurrent decrease in blood
cell velocity, decreased sublingual microcirculatory perfusion,
and decreased cerebral oxygen saturation.

In summary, several studies have shown that sublingual micro-
circulatory perfusion remains stable during OPCAB. However,
OPCAB surgery often requires cardiac luxation for a posterior or
anterolateral graft, resulting in abrupt decreases in cardiac output
and MAP that also may affect microcirculatory perfusion.

Pulsatile Versus Nonpulsatile Flow During Cardiopulmonary
Bypass

Because CPB is inevitable during some procedures, there is
ongoing debate whether using pulsatile CPB flow may limit
microcirculatory alterations compared with nonpulsatile CPB
flow. Several observational studies have addressed this
question.”***

In a small randomized cohort study including 20 high-risk
cardiac surgery patients, OPS imaging was used to investigate
differences in sublingual microcirculation between pulsatile
(n=10) and nonpulsatile (n=10) CPB.* Overall, the results
showed a decrease in PVD during CPB in both groups. Fur-
thermore, the reduction of the PVD was more severe in the
nonpulsatile CPB group and persisted after surgery. In

addition, the reduced PVD in the nonpulsatile CPB group was
associated with an increased flow heterogeneity. In the group
with pulsatile CPB, the values after surgery were comparable
with baseline, indicating a rapid recovery of microcirculatory
flow.

In a similar randomized study conducted by the same group,
additional near-infrared spectroscopy measurements with
repeated vascular occlusion tests were performed in 20 patients
undergoing cardiac surgery with pulsatile (n=10) or nonpulsa-
tile (n=10) CPB.”® As shown in their previous study, the PVD
was markedly reduced after the initiation of nonpulsatile CPB
and during the first 24 hours after surgery. PVD reduction in the
group with pulsatile CPB was smaller and recovered within the
study period. Other assessed variables of vascular reactivity and
regional oxygen saturation showed no substantial differences
between the groups. The reperfusion slope after vascular occlu-
sion was steeper in the pulsatile CPB group 24 hours after sur-
gery, indicating that microcirculatory recruitment was better in
the pulsatile CPB group. The differences in sublingual microcir-
culatory flow between pulsatile (n=16) and nonpulsatile
(n=17) CPB also were investigated in a randomized cohort
study with 33 patients undergoing ONCAB surgery.’® Addi-
tional oxygenation markers were obtained at the start and end of
aortic cross-clamping. The results showed temporary reductions
of the PVD and MFI in the pulsatile CPB group whereas non-
pulsatile CPB lead to a persistent decrease of the PVD and MFI.
Postoperative MFI and PVD also were significantly lower in the
nonpulsatile CPB group compared with the pulsatile CPB
group. The results also showed higher oxygen consumption and
a higher oxygen extraction rate at the end of aortic cross-clamp-
ing in the pulsatile CPB group.

Contrary results were reported in a randomized crossover
study with 16 patients undergoing ONCAB or aortic valve
replacement surgery.”’ Measurements of sublingual microcir-
culation were obtained 10 minutes after the initiation of CPB
with pulsatile (n = 8) or nonpulsatile (n = 8) flow. After another
10 minutes the flow was switched to nonpulsatile or pulsatile,
respectively. The results showed no differences in sublingual
microcirculatory variables between the 2 flow forms, at least
at this short time interval.

Furthermore, the results of an observational study with 20
patients undergoing standard CPB (n=10) or miniaturized
extracorporeal circulation (n=10) indicate that miniaturized
CPB might be a less harmful alternative to conventional CPB.**
The miniaturized CPB resulted in minor microcirculatory altera-
tions, and the decrease in PVD was significantly higher during
conventional CPB. The MFI remained stable throughout the
study period in both groups. These results indicate a beneficial
effect of miniaturized CPB on microcirculatory perfusion. Even
though it is a promising idea to prevent microcirculatory
impairment with a less traumatic surgical procedure, these strat-
egies are not applicable in all patients and procedures.

Overall, the available data from observational studies show
that microcirculatory alterations commonly occur during cardiac
surgery with CPB. These alterations include a decrease of the
PVD and the MFI with a simultaneous increase of flow heteroge-
neity, which begin to manifest shortly after the initiation of CPB.
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Several studies have shown that pulsatile flow thus has a smaller
negative effect on microcirculatory perfusion than nonpulsatile
flow during CPB. In addition, the use of miniaturized CPB sys-
tems seem to induce smaller microcirculatory alterations. Even
though some studies show recovery of the sublingual microcircu-
lation at the end of surgery, serum lactate, a surrogate marker of
hypoperfusion, increased throughout the perioperative period in
several studies. Furthermore, global hemodynamics are com-
monly restored at the end of surgery, which could indicate a loss
of hemodynamic coherence. Therefore, it is unclear whether
microcirculatory alterations are transient or persist into the post-
operative period. With recent investigations on glycocalyx shed-
ding, there is growing evidence that microcirculatory impairment
does persist postoperatively.

Postoperative measurements of the sublingual microcircula-
tion were performed in a recent pilot study with 10 post-car-
diac surgery patients. The authors investigated the alterations
of the sublingual microcirculation during the fluid de-escala-
tion phase, describing reduction of excess fluids after surgery,
with measurements 24 and 48 hours after discharge from the
ICU.* The PVD and TVD increased during the de-escalation
phase while patients received diuretic therapy (furosemide
and/or spironolactone). This indicates improvement of the
microcirculation during this period. The results suggest that
HVM use is feasible in the postoperative phase and may be a
useful tool to assess the patient’s fluid status beyond the intrao-
perative period.”” Given the lack of studies in this area, there
are no clear implications on how monitoring the sublingual
microcirculation could affect fluid management.

Interventions to Improve the Microcirculation During Cardiac
Surgery

With an increasing understanding of microcirculatory alter-
ations, therapeutic strategies have been proposed to improve
microcirculatory flow during cardiac surgery.

The effects of the vasopressor phenylephrine on the sublin-
gual microcirculation were investigated in an observational
study with 15 patients undergoing ONCAB surgery.’’ Sublin-
gual microcirculation was assessed with SDF imaging. Meas-
urements were obtained after induction of anesthesia, after the
initiation of CPB, during phenylephrine infusion, and after dis-
continuation of phenylephrine. In contrast to other studies, the
MFI was not decreased after the initiation of CPB in this
cohort. Subsequently, the at1-adrenoceptor agonist phenyleph-
rine was administered at a mean rate of 1.4 g/kg/min,
increasing the perfusion pressure from 47 to 68 mmHg. Never-
theless, the infusion of phenylephrine during CPB resulted in a
decrease of MFI and a simultaneous increase in sublingual
oxygen saturation, indicating decreased oxygen extraction.
The effects were reversed after discontinuation of phenyleph-
rine infusion. The PPV and PVD were not reported in this
study.

In a substudy of a large randomized clinical trial,”” differen-
ces in sublingual microcirculatory flow were investigated in
36 patients randomly assigned to a low (40-50 mmHg) or high
(70-80 mmHg) MAP undergoing ONCAB surgery.” In the

high MAP group, a higher MAP was maintained through
administration of higher doses of norepinephrine and repeated
bolus injections of phenylephrine. However, there were no dif-
ferences in any of the microcirculatory variables between the
high and low MAP groups.

The effects of fluids were investigated in a study with 20
patients receiving either Ringer’s lactate (n=10) or hydrox-
yethyl starch (130/0.4) (n=10) as priming solution during
ONCAB surgery.” The sublingual microcirculation measure-
ments were obtained before CPB, during CPB, at the end of
surgery, and after 24 hours in the ICU. In both groups, the ini-
tiation of CPB was associated with a decrease of TVD and
PVD without changes in the PPV. Only in the hydroxyethyl
starch group did microcirculatory variables return to baseline
at the end of surgery, whereas microcirculatory alterations per-
sisted until 24 hours postoperatively in the Ringer’s lactate
group.

The role of different sedatives was studied in a prospective
randomized blinded study in which 70 patients received either
propofol infusion (n=35) or propofol plus dexmedetomidine
(n=35) during ONCAB surgery with a target bispectral index
of 40 to 60.”> Dexmedetomidine is an &x2-adrenoceptor agonist
used for sedation and has been shown to reduce the inflamma-
tory response to CPB.”® The sublingual microcirculation was
assessed before, during, and after CPB. The TVD was greater
in the dexmedetomidine group throughout the whole study
period. In contrast to other studies, the TVD, PVD, and PPV
remained stable after the initiation of CPB in both groups.
However, the MFI decreased in both groups after the initiation
of CPB. After weaning from CPB, the TVD showed a slight
decrease and the MFI returned to baseline values in the dexme-
detomidine group, whereas other microcirculatory variables
(PPV and PVD) remained unchanged. In the propofol only
group, the MFI, PVD, and TVD decreased after termination of
CPB and were significantly lower compared with those of the
dexmedetomidine group for the last measurement. In line with
other studies, the results indicated a deterioration of microvas-
cular variables (MFI, PVD, and TVD) in patients undergoing
cardiac surgery with CPB in the propofol only group. The
additional infusion of dexmedetomidine resulted in no severe
microcirculatory alterations and better perfusion compared
with propofol only. Despite these differences in sublingual
microcirculation, there were no differences in cardiac output,
whereas lactate levels increased in both groups during the
study period.

Overall, the discussed interventions still remain rather
unspecific and additional research is necessary to find specific
strategies to maintain microcirculatory blood flow.

Perspectives and Future Directions

HVMs have enabled a great leap in microcirculatory
research and have created a better understanding of the under-
lying processes for hemodynamic alterations during and after
cardiac surgery and in critically ill patients.”’ Although this
method currently is still an experimental tool for the
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Summary of Presented Studies
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First Author, Year

Number of Patients; Type of
Surgery

Method; Variables

Measurement Time Points

Results

Bauer et al., 2007

De Backer et al., 2009

den Uil et al., 2008

Uzet al., 2018"

47 patients; ONCAB surgery,
valve surgery with CPB, or
combined valve and CABG
surgery with CPB

22 patients; ONCAB,
OPCAB, or thyroidectomy

25 patients; ONCAB (5 with
additional valve procedure)

10 patients; post-cardiac
surgery after discharge
from ICU (fluid de-
escalation phase)

OPS imaging; PVD, red
blood cell velocity,
microvascular diameter

OPS imaging; PVD, PPV,
total vessel density (all
sizes)

SDF imaging; MFI

IDF imaging; TVD, MFI,
PPV, PVD (FCD)

Endothelial function and the glycocalyx during cardiac surgery

Koning et al., 2016

Wuet al., 2019°°

Dekker et al., 20197

36 patients; ONCAB
(pulsatile and nonpulsatile)
and OPCAB surgery

15 patients (in final analysis);
ONCAB surgery, valve
surgery with CPB, or
combined valve and CABG
surgery with CPB

17 patients; ONCAB surgery

On-pump v off-pump cardiac surgery

Koning et al., 2014

26 patients; ONCAB and
OPCAB surgery

SDF imaging; PVD, PBR

SDF imaging; PVD, De
Backer, syndecan-1,
heparan sulfate, hyaluronan

SDF imaging; PVD, PPV,
PBR; syndecan-1 and
heparan sulfate levels

SDF imaging; MFI, TVD,
PVD

After skin incision, after

initiation of CPB, late
phase of CPB, 1 h after
discontinuation of CPB

Before anesthesia, after

anesthesia induction,
during CPB, end of surgery,
6 and 24 h after surgery

Day before surgery, after
anesthesia induction,
during CPB, after
admission to ICU, after
body temperature recovery
t036.5°C

shortly, 24 and 48 h after
discharge from ICU

After anesthesia induction,
during CPB/bypass
grafting, at the end of
surgery

Before anesthesia; after
sternum splitting; after
aortic clamping; before
aortic de-clamping; 1, 4,
24, and 48 h after CPB

Day before surgery, after
anesthesia induction, after
initiation of CPB, red blood
cell infusion after CPB, 24
and 72 h after surgery

After anesthesia induction,
after aortic clamping,
before aortic declamping
(after first and second
anastomoses in OPCAB
group), after CPB, within 1
h after admission to ICU

Decrease in PVD in the late

phase of CPB; weak
correlation of
microcirculation with
hemoglobin concentration
and esophageal temperature

Decrease in PVD and PPV in

all groups after induction of
anesthesia; further PVD
and PPV decrease during
CPB; smaller PVD
decrease in OPCAB group
compared with ONCAB
group with recovery to
baseline values after 24 h;
correlation of
microcirculatory alterations
with peak lactate levels

Temporary decrease in MFI

in medium sized
microvessels during CPB
with recovery at admission
to ICU

Increased TVD and PVD

over the study period; no
changes in MFI or PPV

Transient decrease in PVD

and increase in PBR during
pulsatile CPB; persistent
decrease of PVD and
increase in PBR during
nonpulsatile CPB; inverse
correlation of PBR with
PVD; no microcirculatory
changes in OPCAB group

Transient decrease in PVD
and De Backer score during
CPB with recovery after 48
h; increase of syndecan-1,
heparan sulfate, and
hyaluronan during the early
postoperative phase

Persistent decrease in PVD
and PPV after the initiation
of CPB until 72 h after
surgery; increase of
syndecan-1 and heparan
sulfate after CPB; trend of
increased PBR

Persistent decrease of PVD
and PPV after initiation of
CPB; decrease of MFI at
the end of surgery in CBP
group; no microcirculatory
changes in OPCAB group

(continued)



2762

Table 2 (continued)

M. Flick et al. / Journal of Cardiothoracic and Vascular Anesthesia 34 (2020) 2754—2765

First Author, Year

Number of Patients; Type of
Surgery

Method; Variables

Measurement Time Points

Results

Koning et al., 2014*°

Bienz et al., 2016™°

Atasaver et al., 201 14!

Atasaver et al., 201+

31 patients; ONCAB and
OPCAB surgery

32 patients; ONCAB and
OPCAB surgery

48 patients; ONCAB and
OPCAB surgery

36 patients; OPCAB surgery

Pulsatile versus nonpulsatile flow during CPB

O’Neil et al., 2012*

O’Neil et al., 2018%°

Koning et al., 2012*°

Elbers et al., 2011

20 patients; high-risk
ONCAB surgery with
concomitant procedure
with pulsatile or
nonpulsatile CPB

20 patients; high-risk
ONCAB surgery with
concomitant procedure
with pulsatile or
nonpulsatile CPB

33 patients; ONCAB surgery

with pulsatile or
nonpulsatile CPB

16 patients; ONCAB or aortic

valve repair surgery with
pulsatile and nonpulsatile
CPB (crossover design)

SDF imaging; red blood cell
velocity; heterogeneity
index

SDF imaging; small vessel
count, vessel count with
continuous flow, TVD,
PVD, small vessel density

SDF imaging; FCD, red
blood cell velocity
(capillary and venule),
sublingual oxygen
saturation

SDF imaging; FCD, red
blood cell velocity,
sublingual oxygen
saturation, cerebral near-

infrared spectrophotometry

OPS imaging; PPV for each
flow score (0-4)

OPS imaging; PPV separated

for each flow score (0-3),
vessel density, near-
infrared spectroscopy,
vascular occlusion test

SDF imaging; TVD, PVD,
MFI

SDF imaging; PVD, PPV,

heterogeneity index, PVD,

MFI

After anesthesia induction,
intraoperative (during
CPB), within 1 h after
admission to ICU

Before anesthesia, after
anesthesia induction; graft
1, graft 2, graft 3, chest
closure; 2 and 4 h after
surgery

Before and after initiation of
CPB (ONCAB), before and
after cardiac luxation
(OPCAB)

Before and after cardiac
luxation

After anesthesia induction;
30 min after initiation of
CPB; 90 min after initiation
of CPB; 1, 24, and 48 h
after CPB

After anesthesia induction,
30 min after initiation of
CPB, 90 min after initiation
of CPB, 1 and 24 h after
CPB

After anesthesia induction,
after initiation of CPB, after
aortic clamping, before
aortic declamping, after
aortic declamping, end of
surgery, within 1 h after
surgery

Once during pulsatile CPB
and once during
nonpulsatile CPB

Increased microcirculatory
flow heterogeneity after
initiation of CPB with
additional increase after
admission to ICU in
ONCAB group; no
microcirculatory changes in
OPCAB group

Unspecific minor
microcirculatory alterations
during ONCAB and
OPCAB surgery

Decreased PVD after
initiation of CPB with signs
of decreased oxygen
extraction; minor
microcirculatory changes
despite severe
macrohemodynamic
impairment during cardiac
luxation

Decreased red blood cell
velocity, sublingual oxygen
saturation, and cerebral
oxygen index during
cardiac positioning

Decreased PPV in both
groups, with more severe
decrease in PPV and
increased signs of
heterogeneous flow in
nonpulsatile CPB group;
recovery to baseline values
only in the pulsatile CPB
group

Decreased PPV in both
groups, with more severe
decrease in PPV and
increased signs of
heterogeneous flow in
nonpulsatile CPB group;
recovery to baseline values
only in the pulsatile CPB
group; steeper reperfusion
slope in the pulsatile CPB
group

Temporary decrease of PVD
and MFI in pulsatile CPB
group; persistent decrease
of PVD and MFI in
nonpulsatile CPB group

No major differences in
microvascular variables
between pulsatile and
nonpulsatile flow

(continued)
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First Author, Year

Number of Patients; Type of
Surgery

Method; Variables

Measurement Time Points

Results

Yuruk et al., 2012*

20 patients; ONCAB surgery
with conventional or
miniaturized CPB system

SDF imaging; PVD

Interventions to improve the microcirculation during cardiac surgery

Maier et al., 2009°!

Holmgaard et al., 20187

Kiligaslan et al., 2015

Mohamed et al., 2019°°

15 patients; ONCAB surgery

36 patients; ONCAB surgery

20 patients; ONCAB surgery

70 patients; ONCAB surgery

SDF imaging; effect of
phenylephrine, perfusion
units, MFI,
microcirculatory
hemoglobin oxygen
saturation

SDF imaging; comparison of
low MAP (40-50 mmHg)
and high MAP (70-80
mmHg), MFL, TVD, PVD,
PPV, heterogeneity index

SDF imaging; Ringer’s
lactate or HES (130/0.4) as
priming solution, TVD,
PVD, PPV, heterogeneity
index

SDF imaging; propofol or
propofol plus
dexmedetomidine, MFI,

Before, during, and after CPB

After anesthesia induction,
after initiation of CPB, with
phenylephrine infusion
during CPB, after
discontinuation of
phenylephrine infusion
during CPB

After anesthesia induction,
during CPB, at the end of
surgery

After anesthesia induction,
before initiation of CPB,
during CPB, at the end of
surgery, 24 h after surgery

Before initiation of CPB,
30 min after initiation of
CPB, 30 min after CPB

Minor microcirculatory

alterations during
miniaturized CPB; decrease
of PVD during
conventional CPB

No decrease of MFI after

onset of CPB, but decrease
of MFI during
phenylephrine infusion
with parallel increase in
microcirculatory
hemoglobin oxygen
saturation; both returned to
baseline after
discontinuation of
phenylephrine infusion

No significant differences in

microcirculatory variables
between low and high MAP
groups

Decrease of TVD and PVD

during CPB, which
returned to baseline after
surgery only in the HES
group; no changes in PPV
or heterogeneity index were
observed

PVD and TVD remained

unaltered after initiation of
CPB, whereas MFI

PVD, TVD

decreased in both groups;
recovery of MFI in
dexmedetomidine group
after CPB; decrease in MFI,
PVD, and PPV after CPB in
propofol group

Abbreviations: CPB, cardiopulmonary bypass; HES, hydroxyethyl starch; ICU, intensive care unit; IDF, incident dark field; MAP, mean arterial pressure; MFI,
microvascular flow index; ONCAB, on-pump coronary artery bypass; OPCAB, off-pump coronary artery bypass; OPS, orthogonal polarization spectral; PBR,
perfused boundary region; PPV, proportion of perfused vessels; PVD, perfused vessel density; SDF, sidestream dark field; TVD, total vessel density.

assessment of microcirculatory flow, it may be considered for
routine care by doctors and even nurses’® in the future.
However, the effects of CPB; anesthesia, including fluid
administration and vasoactive medication administration; and
other medication on the microcirculation still require further
investigation. Studies published on the microcirculation during
cardiac surgery are very heterogenous with regard to investi-
gated exposures and outcomes (Table 2). Most studies
included only a very limited number of patients and vary
widely in the analyzed microcirculatory variables. Therefore,
the effect of microcirculatory alterations on perioperative com-
plications and patient outcomes mainly remains unclear. The
recently published consensus on assessment of the sublingual
microcirculation may harmonize and improve the scientific
methods in microcirculation research.” The time-consuming
offline analysis of the video sequences obtained with HVMs is

another crucial limitation that may be overcome in the near
future. A recently published algorithm allows for automated
measurement of TVD, FCD, and PPV, which might make the
bedside use of HVMs possible.” The development of an auto-
mated real-time analysis of microcirculation videos may
enable more widespread application of HVMs and possibly
point-of-care use and bedside diagnosis of microcirculatory
alterations.

However, there is an ongoing debate whether the routine
application of microcirculatory monitoring can improve
patient outcome.”’ Because microcirculatory monitoring (as
any monitoring) by itself will not improve patient outcome, it
is necessary to test whether a hemodynamic strategy (fluid
administration, catecholamines, transfusion, and specific
microcirculatory treatment) based on microcirculatory varia-
bles can improve postoperative outcomes.
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As a first step to develop these treatment strategies, a basic
understanding of how the microcirculation works is needed.
Although there is evidence of microcirculatory changes during
cardiac surgery, additional research using the latest generation
of HVMs and automated analysis is necessary to paint a better
picture. A second step is the identification of treatment targets
and, possibly, target values for the respective microcirculatory
variables. In the era of individualized and personalized medi-
cine, it has to be questioned whether “normal” values are
appropriate or necessary. “Normal” values might provide a
false idea of healthy flow because each patient might have an
individual flow profile. As recently suggested, a preoperative
assessment of the cardiovascular status could be used to guide
perioperative hemodynamic therapy.”” Then, as a third step,
routinely assessed microcirculatory variables could be inte-
grated into protocolized personalized hemodynamic therapy
algorithms.” If these steps are completed, cardiac surgery
patients may be prone to benefit from the use of HVMs. Hemo-
dynamic treatment guided by microcirculatory measurements
might help to improve patient outcome by reducing periopera-
tive complications (eg, acute kidney injury or stroke).

Conclusions

In recent years, research on the microcirculation has led to a
better understanding of microcirculatory perfusion during car-
diac surgery and consequences of microvascular alterations on
perioperative complications and patient outcome.®'** The use
of HVMs is a noninvasive method that is safe and feasible dur-
ing cardiac surgery and that may be of value to improve and
individualize hemodynamic management. However, the
effects of perioperative interventions, including fluid adminis-
tration, catecholamines, and other medication, on the microcir-
culation still require further investigation. Even though
technical advancements will help to overcome some of the
methodical limitations, therapeutic targets need to be identified
to enable microcirculatory monitoring to be implemented in
routine clinical practice rather than used only in experimental
studies.
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