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Abstract

Background: Microcirculatory perfusion disturbances are associated with increased morbidity and mortality in
patients undergoing cardiac surgery with cardiopulmonary bypass (CPB). Technological advancements made it
possible to monitor sublingual microcirculatory perfusion over time. The goal of this review is to provide an
overview of the course of alterations in sublingual microcirculatory perfusion following CPB. The secondary goal is
to identify which parameter of sublingual microcirculatory perfusion is most profoundly affected by CPB.

Methods: PubMed and Embase databases were systematically searched according to PRISMA guidelines and as
registered in PROSPERO. Studies that reported sublingual microcirculatory perfusion measurements before and after
onset of CPB in adult patients undergoing cardiac surgery were included. The primary outcome was sublingual
microcirculatory perfusion, represented by functional capillary density (FCD), perfused vessel density (PVD), total
vessel density (TVD), proportion of perfused vessels (PPV), and microvascular flow index (MFI).

Results: The search identified 277 studies, of which 19 fulfilled all eligibility criteria. Initiation of CPB had a profound effect
on FCD, PVD, or PPV. Seventeen studies (89%) reported one or more of these parameters, and in 11 of those studies
(65%), there was a significant decrease in these parameters during cardiac surgery; the other 6 studies (35%) reported no
effect. In 29% of the studies, FCD, PVD, or PPV normalized by the end of cardiac surgery, and in 24% percent of the
studies, this effect lasted at least 24 h. There was no clear effect of CPB on TVD and a mixed effect on MFI.

Conclusion: CPB during cardiac surgery impaired sublingual microcirculatory perfusion as reflected by reduced FCD, PVD,
and PPV. Four studies reported this effect at least 24 h after surgery. Further research is warranted to conclude on the
duration of CPB-induced microcirculatory perfusion disturbances and the relationship with clinical outcome.

Trial registration: PROSPERO, CRD42019127798

Keywords: Microcirculation, Microcirculatory perfusion, Cardiopulmonary bypass, Cardiac surgery, Sublingual, Capillary
perfusion
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Background
Microcirculatory perfusion disturbances are commonly
reported in patients undergoing cardiac surgery with
cardiopulmonary bypass (CPB). Cardiac surgery with
CPB is associated with risk of morbidity such as medias-
tinitis, permanent stroke, acute kidney injury, and acute
lung injury [1, 2]. Microcirculatory perfusion distur-
bances are additionally associated with increased mor-
bidity and mortality in the ICU in patients with
cardiogenic shock or sepsis [3, 4]. Interestingly, however,
there appears to be an uncoupling of macrocirculatory
and microcirculatory hemodynamics [5], meaning that
sustainment of systemic hemodynamic parameters dur-
ing surgery does not guarantee adequate microcircula-
tory perfusion. Therefore, real-time imaging might be a
valuable tool to monitor alterations in microcirculatory
perfusion in patients undergoing cardiac surgery with
CPB and guide interventions in the perioperative period.
Technological advancements made it possible to moni-

tor sublingual microcirculatory perfusion. Since 1999,
the invention of the orthogonal polarization spectral
(OPS) imaging technique allowed researchers to study
the microcirculatory perfusion in real time [6]. Techno-
logical upgrades have resulted in a second-generation
side-stream dark field (SDF) imaging device and a third-
generation incidence dark field (IDF) imaging device.
With each generation, image quality has improved dra-
matically, making it possible to visualize more microves-
sels [7]. Naturally with improved image quality, the
methods to analyze images have evolved as well. For the
first generation of devices, semi-quantitative analyzation
methods were introduced, whereas now it is possible to
analyze each individual vessel in an image over time. To
structure research, standards for image quality and
reporting have been developed by a panel of experts and
there is debate on which parameters are superior to
monitor microcirculatory perfusion [8].
Over the past decade, a lot of research has been con-

ducted in this promising field. However, to our know-
ledge, no comprehensive review has been published
specifically about the effects of CPB on microcirculatory
perfusion. The goal of this review is to provide an over-
view of the course of alterations in sublingual microcir-
culatory perfusion in cardiac surgery patients following
CPB. The second aim is to identify which microcircula-
tory perfusion parameters are most profoundly affected
by CPB in patients undergoing cardiac surgery.

Methods
Protocol and registration
Details of the protocol for this review were preregistered at
the International prospective register of systematic reviews,
PROSPERO with registration number CRD42019127798.
Systematic review methodology is reported according to

the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [9].

Eligibility criteria
This systematic review included clinical studies that
measured sublingual microcirculatory perfusion in pa-
tients undergoing elective cardiac surgery with CPB. Any
duration and protocol of CPB were included ((mild)
hypothermia, pulsatile flow, non-pulsatile flow). Study
protocols with any type of elective cardiac surgery were
eligible for inclusion. A baseline measurement of sublin-
gual microcirculatory perfusion before onset of CPB was
required as control. Exclusion criteria were in vitro stud-
ies, animal studies, pediatric subjects, and emergency
surgery.

Search strategy
On March 7, 2019, PubMed and Embase were searched
for any publication that reported sublingual microcircu-
latory perfusion in adult patients undergoing cardiac
surgery with CPB. The search strategy was based on a
combination of the following search terms: “cardiopul-
monary bypass,” “cardiac surgery,” and “microcirculatory
perfusion” (Additional file 1). Reference lists of all the
full texts were screened for further eligible studies. Any
study that reported sublingual microcirculatory perfu-
sion in combination with CPB in adult patients undergo-
ing cardiac surgery was of interest. All study designs
were eligible for inclusion, but case reports, conference
abstracts, letters, editorials, and reviews were excluded.

Study selection
Two independent reviewers (MO and ND) scanned all
titles and abstracts to identify studies that potentially
met inclusion criteria. Full texts were obtained for stud-
ies that appeared to be of interest. Eligible studies were
identified by two reviewers from reading full texts (MO
and ND). Disagreements between the reviewers were re-
solved by discussion with involvement of a third re-
viewer (CvdB).

Data extraction
Data extraction was performed by one reviewer (MO)
and confirmed by another (ND). Data were extracted
with regard to the study characteristics and design,
demographic data of patients, anesthetic protocol, CPB
protocol, type of surgery, and surgery characteristics
such as duration, time on CPB, and cross-clamp time.
Details regarding monitoring device of microcirculatory
perfusion (OPS, SDF, or IDF), microcirculatory perfu-
sion parameters, and clinical outcomes were also ex-
tracted (see Additional file 2).
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Quality assessment
Risk of bias was assessed independently by two reviewers
(MO and ND) with the NIH quality assessment tool
[10]. The applicable NIH quality assessment tool was
used depending on study designs (RCT or observational
study). The NIH quality assessment tool assesses selec-
tion, performance, detection, attrition, and reporting
biases through a set list of yes or no questions. The ag-
gregated scores are not meant as summary judgment of
quality but help reviewers to assess the aforementioned
forms of bias.

Definition of microcirculatory perfusion parameters
The primary outcome of this review was sublingual
microcirculatory perfusion measured by orthogonal
polarization spectral imaging (OPS) or its successors,
side-stream dark field imaging (SDF) or incidence dark
field imaging (IDF). These devices are based on the
principle that scattered green light is absorbed by
hemoglobin of red blood cells, thereby visualizing flow-
ing red blood cells, subsequently indirectly visualizing of
arterioles and venules. A minimum of three recordings
per time point were required to account for the intrinsic
variability of the microcirculation and to correct for ex-
clusion of recordings due to low image quality [11].
The following parameters can be obtained from the vid-

eos: functional capillary density (FCD), perfused vessel
density (PVD), total vessel density (TVD), small vessel
density (SVD), vessel density (VD), proportion of perfused
vessels (PPV), and microvascular flow index (MFI).
FCD is defined as the total length of microvessels rela-

tive to the image size that exhibit normal flow during
the length of the recording. Normal flow is defined as
continuous flow through a microvessel during the length
of a recording, absent flow as no flow during the record-
ing, and intermittent flow when at least 50% of the time
no flow is observed. PVD is an estimate of the FCD and
can be calculated by multiplying the total number of
vessels with the proportion of perfused vessels.
TVD is defined as the total length of the vessels visible in

an image relative to the size of the image (mm/mm2). SVD
is defined as the total length of all vessels with a diameter ≤
25 μm visible in an image relative to the size of the image
(mm/mm2). VD is defined as the number of vessels cross-
ing an arbitrary grid of three by three lines, drawn on the
video, relative to the length of the lines (n/mm). PPV is cal-
culated as follows: 100 × (total number of vessels − [no flow
+ intermittent flow]/total number of vessels).
MFI is a score based on determination of the predom-

inant type of flow in four quadrants of a recording. Flow
is characterized as absent (0), intermittent (1), sluggish
(2), or normal (3). The values of the four quadrants are
averaged.

Data analysis
Due to heterogeneity of studies, a narrative synthesis of
the effect of CPB on microcirculatory perfusion was per-
formed. As different microcirculatory perfusion moni-
toring devices employing different techniques (OPS,
SDF) were used, absolute values of microcirculatory per-
fusion could not be compared. Therefore, only signifi-
cant increases or decreases in microcirculatory perfusion
parameters following CPB compared with pre-CPB mea-
surements per included study were reported.

Results
The study selection is presented in a PRISMA diagram
(Fig. 1). The initial search identified 277 records, of
which 252 were screened and 188 studies were excluded.
Finally, 64 full texts were examined and 45 were ex-
cluded based on conference abstracts (n = 20), absence
of CPB (n = 4), absence of microcirculatory perfusion
measurement (n = 5), missing pre-operative measure-
ment (n = 11), and reviews (n = 5). Finally, 19 studies
were included that recorded perioperative measurements
of sublingual microcirculatory perfusion parameters in
adult patients undergoing cardiac surgery with CPB [12–
30].

Study characteristics
The 19 studies included in this review consisted of 9
randomized controlled trials and 10 observational stud-
ies. All studies were published between 2007 and 2019
by 14 individual authors. Research was performed in 9
countries: Belgium (n = 1), Canada (n = 3), Denmark
(n = 1), Egypt (n = 1), Germany (n = 3), Netherlands
(n = 8), Turkey (n = 1), and Uruguay (n = 1).

Patient characteristics
Patient characteristics are listed in Additional file 3. A
total of 584 patients participated in these studies. A variety
of interventions were studied such as mode of CPB, type
of anesthesia, or differences between types of surgery. At
least 398 (68%) participants were male (one study did not
report gender). Most common comorbidities were hyper-
tension (57%) and diabetes mellitus, type not specified
(26%). None of the included studies reported significant
differences between patient characteristics at baseline.

Risk of bias
The full risk of bias assessment is summarized in Add-
itional file 4. Only 37% of all 19 included studies re-
ported sample size calculation. Of the nine randomized
controlled trials, 22% reported no clear method of
randomization. In 89% of the randomized controlled tri-
als, caregivers were not blinded from the intervention
(type of perfusion, anesthetic medication). In the ten ob-
servational studies, 40% of the studies did not report
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whether outcome assessors were blinded to the interven-
tions. Only one study raised concerns regarding out-
come reporting [24].

Functional capillary density, perfused vessel density, and
proportion of perfused vessels
Alterations in FCD, PVD, and PPV are presented in
Table 1. A distinction is made between the direct effect of
CPB on microcirculatory perfusion parameters during car-
diac surgery and the effect of CPB on microcirculatory
perfusion parameters postoperatively at the ICU or the
ward. Four out of 19 studies (21%) [12, 13, 16, 17] re-
ported the FCD and all four studies showed a significant
decrease of FCD during CPB compared to pre-CPB mea-
surements. Eight studies (42%) reported PPV, of which
63% [14, 15, 18–20] showed a reduction in PPV following
CPB compared to baseline pre-CPB. The other studies
that reported PPV (37%) [21–23] reported no significant
effect of CPB on PPV. Eleven studies (57%) reported PVD,
of which 64% [14, 15, 20, 24–27] showed a significant de-
crease in PVD and 36% [21–23, 28] showed no effect of
CPB on PVD. In total, 17 out of 19 studies reported FCD,
PPV or PVD and 77% of these studies showed a decrease

in one or more of these microcirculatory perfusion param-
eters during cardiac surgery with CPB.
Interestingly, the timing and duration of the decrease

in FCD, PPV, or PVD varied across studies, depending
on the follow-up period. Five studies found that the
CPB-induced decrease of FCD, PPV, or PVD had re-
solved by the end of surgery [13, 16, 17, 20, 27]. In four
studies, the duration of the CPB-induced effect on
microcirculatory perfusion remained unclear, as the
FCD, PPV, or PVD had not returned to baseline at the
last reported measurement [12, 24–26]. Eight studies
followed patients postoperatively of which three studies
had a follow-up of 24 h [14, 19, 20], one study of 48 h
[18], and one study of 72 h [15]. Four of these studies re-
ported a CPB-induced reduction in FCD, PPV, or PVD
for at least 24 h after surgery [14, 15, 18, 19].

Total vessel density, vessel density, and small vessel density
The effect of CPB on TVD, VD, or SVD is presented in
Table 2. Of the 19 included studies, 42% (n = 8) reported
one or more of these parameters. Four studies reported
no effect at all of initiation of CPB on TVD, VD, or
SVD. One study reported a lasting decrease of TVD after
initiation of CPB, compared to pre-CPB measurements

Fig. 1 PRISMA flow diagram representing the flowchart of study selection. PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses
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that had not returned to baseline after arrival on the
ICU [25]. One study found a temporary decrease in
TVD after the start of CPB, which had normalized by
the end of surgery [20]. One study observed a temporary
increase in SVD after start of CPB, which returned to
baseline before the end of surgery. Also, in this study, no
effect of CPB on TVD was reported [28].

Microvascular flow index
Results for MFI are presented in Table 3. A total of 9
out of 19 studies (47%) reported the MFI. Three studies
showed a significant decrease in MFI compared to base-
line after initiation of CPB during cardiac surgery [22,
24, 29]. In contrast, two studies observed an increase in
MFI compared to baseline after initiation of CPB during
surgery [20, 23]. The four remaining studies observed
no effect of CPB on MFI during cardiac surgery.
However, two of these studies reported a significant
decrease of MFI at the follow-up on the ICU com-
pared to baseline [25, 30]. It is unclear how long the
effect of CPB on MFI lasts. In four studies that
reported a CPB-induced change in MFI, MFI had not
returned to baseline at the last available measurement
[22–25].

Clinical outcome
Eight out of the 19 included studies provided any informa-
tion on clinical outcomes of patients [16, 17, 19, 23, 24, 27,
29, 30]. One study reported two patient deaths; both
showed impaired microcirculatory perfusion measured as
MFI [29]. In two studies by the same group, one death was
reported in each study; however, no information on micro-
circulatory perfusion measurements were provided [16, 17].
Two studies reported no major complications [24, 27]. In
one study, 2 cases of acute kidney injury (AKI) were re-
ported of which one patient died and both patients had a
decreased MFI postoperatively when compared to pre-
operative values [30]. Another study found significantly
higher creatinine values in the non-pulsatile perfusion
group, which was correlated to significant microvascular al-
terations [19]. One group reported major complications in
five patients without specifying the type of complication.
They found that patients who developed postoperative
complications showed increased hyperdynamic capillaries
compared to patients without complications [23].

Discussion
Cardiopulmonary bypass during cardiac surgery impairs
sublingual microcirculatory perfusion. CPB-induced micro-
circulatory perfusion disturbances were most profoundly

Table 2 Perioperative changes in sublingual total vessel density (TVD), small vessel density (SVD), and vessel density (VD) per study

Study n Technique Study groups Pre-CBP CPB Post-CPB

Induction Onset of
CPB

Late phase of
CPB

Post-
CPB

ICU 24 h after
surgery

Bienz et al. [28] 16 SDF CABG ~ TVD ~ TVD ~ TVD ~ TVD ~
TVD

–

CABG ~ SVD ~ SVD ↑ SVD ~ SVD ~
SVD

–

De Backer et al. [14] 9 OPS Cardiac surgery with CPB ~ VD ~ VD – ~ VD ~ VD ~ VD

Holmgaard et al.
[21]

30 SDF CABG with HMAP – ~ TVD – ~ TVD – –

CABG with LMAP – ~ TVD – ~ TVD – –

Koning et al. [24] 33 SDF CABG non pulsatile CPB – ~ TVD ~ TVD ~ TVD ~
TVD

–

CABG pulsatile CPB – ~ TVD ~ TVD ~ TVD ~
TVD

–

Koning et al. [31] 13 SDF CABG – ↓ TVD ↓ TVD ↓ TVD ↓ TVD –

Mohamed et al. [22] 70 SDF CABG with regular
anesthesia

– ~ TVD – ~ TVD – –

CABG dexmed anesthesia – ~ TVD – ↓ TVD – –

Özarslan et al. [20] 30 OPS CABG sevoflurane
anesthesia

~ TVD ↓ TVD – ~ TVD – ~ TVD

CABG isoflurane anesthesia ~ TVD ↓ TVD – ~ TVD – ~ TVD

CABG desflurane anesthesia ~ TVD ~ TVD – ~ TVD – ~ TVD

Prestes et al. [23] 22 SDF CS with CPB – ~ VD ~ ~ TVD – –

A downward facing arrow (↓) represents a significant decrease compared to baseline measurement. An upward facing arrow (↑) represents a significant increase
compare to baseline measurement. ~ represents no significant change compared to baseline value. TVD total vessel density, VD vessel density, SMD small vessel
density, CPB cardiopulmonary bypass, SDF side-stream dark field imaging, OPS orthogonal polarization spectral imaging, n number of participants, h hours, CS
cardiac surgery, CABG coronary artery bypass grafting, LMAP low mean arterial pressure, HMAP high mean arterial pressure
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observed by changes in functional capillary density (FCD),
perfused vessel density (PVD), or proportion of perfused
vessels (PPV), but not total vessel density (TVD), small
vessel density (SVD), vessel density (VD), or microvascular
flow index (MFI). FCD, PVD, and PPV appear to remain
disturbed throughout the entire surgical procedure; how-
ever, the exact duration of these microcirculatory perfu-
sion alterations remains unclear. Further research is
warranted to conclude on the duration of CPB-induced
microcirculatory perfusion disturbances and the relation-
ship with clinical outcome.
CPB-induced microcirculatory perfusion disturbances as

represented by a decrease in FCD, PVD, or PPV were found
in 77% of the studies. FCD and PVD are both a function of
TVD and PPV. As TVD was not affected by CPB in most
studies, these results suggests that the observed reductions
in FCD and PVD were mainly the result of a reduced num-
ber of perfused vessels. Moreover, as a decrease in FCD,
PVD, or PPV was mostly absent in patients undergoing off-
pump CABG, the observed microcirculatory perfusion dis-
turbances are likely a true CPB effect [12, 25, 26].

In contrast, no effect of CPB on total vessel density
(TVD), small vessel density (SVD), or vessel density
(VD) was observed. These observations are in line with
recent experimental and theoretical insights [30, 32, 33],
suggesting that CPB does not necessarily affect the abso-
lute number of microvessels, but mainly impairs micro-
circulatory red blood cell flow patterns, as reflected by a
reduced number of perfused vessels (PVD). CPB-
associated factors such as hemodilution, contact activa-
tion, and the induction of a systemic inflammatory re-
sponse are thought to impair microcirculatory perfusion
by affecting both transport and diffusion of oxygen at
the microvascular level. Pathophysiological mechanisms
include glycocalyx degradation and endothelial, platelet,
and leucocyte activation leading to increased endothelial
permeability and edema formation, leucocyte extravasa-
tion, and microthrombi formation (Fig. 2). These patho-
physiological mechanisms involved in cardiopulmonary
bypass-associated microvascular alterations and micro-
circulatory perfusion disturbances were previously dis-
cussed in detail [31, 34].

Table 3 Perioperative changes in sublingual microvascular flow index (MFI) per study

Study n Technique Study groups Pre-CPB CPB Post-CPB

Induction Onset of
CPB

Late phase of
CPB

Post-
CPB

ICU 24 h after
surgery

den Uil et al. [29] 25 SDF CS with CPB ~ MFI ~ MFI – ~ MFI ~
MFI

–

CS with CPB (vessels 25–
50 μm)

~ MFI ↓ MFI – ~ MFI ~
MFI

–

CS with CPB (vessels 50–
100 μm)

~ MFI ~ MFI – ~ MFI ~
MFI

–

Holmgaard et al.
[21]

30 SDF CABG with HMAP – ~ MFI – ~ MFI – –

CABG with LMAP – ~ MFI – ~ MFI – –

Koning et al. [24] 33 SDF CABG non pulsatile CPB – ~ MFI ↓ MFI ↓ MFI ↓
MFI

–

CABG pulsatile CPB – ~ MFI ~ MFI ~ MFI ~
MFI

–

Koning et al. [31] 13 SDF CABG – ~ MFI ~ MFI ~ MFI ↓
MFI

–

Koning et al. [30] 18 SDF CABG – ~ MFI – ↓
MFI

–

Mohamed et al.
[22]

70 SDF CABG regular anesthesia – ↓ MFI – ↓ MFI – –

CABG dexmed anesthesia – ↓ MFI – ~ MFI – –

Özarslan et al. [20] 30 OPS CABG sevoflurane anesthesia ~ MFI ~ MFI – ~ MFI – ~ MFI

CABG isoflurane anesthesia ~ MFI ↓ MFI – ~ MFI – ~ MFI

CABG desflurane anesthesia ~ MFI ~ MFI – ~ MFI – ~ MFI

Prestes et al. [23] 22 SDF Cardiac surgery with CPB – ~ MFI ↓ MFI ↑ MFI – –

Yuruk et al. [27] 20 SDF CABG – ~ MFI – ~ MFI – –

CABG with MECC – ~ MFI – ~ MFI – –

A downward facing arrow (↓) represents a significant decrease compared to baseline measurement. An upward facing arrow (↑) represents a significant increase
compare to baseline measurement. ~ represents no significant change compared to baseline value. MFI microvascular flow index, CPB cardiopulmonary bypass,
SDF side-stream dark field imaging, OPS orthogonal polarization spectral imaging, n number of participants, h hours, CS cardiac surgery, CABG coronary artery
bypass grafting, MECC minimal extracorporeal circulation, LMAP low mean arterial pressure group, HMAP high mean arterial pressure group
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The effect of CPB on microvascular flow index (MFI)
could not be clearly defined. This may be partly ex-
plained by the modified MFI criteria used in some stud-
ies, with an extra category for hyperdynamic flow
confounding the results [20, 23]. The rationale is that at
a slow, sluggish flow, oxygenation is not impaired due to
the increased transit time for oxygen exchange, whereas
a hyperdynamic flow with supranormal flow velocities of
red blood cells may indicate impaired oxygen offloading
[30]. However, sluggish flow might be detrimental
through various other mechanisms (waste removal, im-
paired nutrient supply) although no literature yet exists
on this subject to our knowledge. Importantly, the MFI,
as currently constituted, does recognize one type of flow
as abnormal (sluggish), yet does not account for another
type of abnormal flow (hyperdynamic). Additionally,
MFI predominantly assesses overall flow characteristics
and lacks the precision to be used as a surrogate for
microcirculatory perfusion. We therefore discourage the
use of MFI in a research setting since it is inferior to
PPV, TVD, and PVD to assess microcirculatory
perfusion.
Yet, MFI remains a popular parameter in microcircula-

tory research, as it the easiest and fastest microcircula-
tory variable to determine, thereby allowing its use for
point of care monitoring. Interestingly, abnormal base-
line MFI of 2.6 or lower combined with tachycardia was
found to be a good predictor of mortality in an everyday
ICU setting [35]. This finding was replicated in the
microDAIMON study, where the authors noted that daily
offline analysis of PPV, TVD, and PVD was time consum-
ing and had limited predictive value [36]. However, this
study also showed that daily MFI changes did not relate to
clinical outcomes limiting the use of MFI as a predictor at
baseline only. In contrast, in two other studies with highly
selected populations, day to day monitoring of micro-
vascular parameters correlated with outcome [37, 38]. In
conclusion, further research in sufficiently large study
populations is necessary to determine the value of day to
day microcirculatory monitoring. Until fully automated
image analysis software becomes available, MFI may be of
interest as the most easy microvascular perfusion param-
eter to monitor.
Factors such as anesthesia, type of surgery, and type of

blood flow during CPB may influence the effect of CPB
on sublingual microcirculatory perfusion. Multiple stud-
ies included in this review specifically measured the ef-
fect of certain types of anesthesia or reported pre and
post induction of anesthesia measurements. Interest-
ingly, only one study by De Backer et al. found that
anesthesia contributed to a significant decrease in micro-
circulatory perfusion, but that this effect was transient
[De Backer]. In contrast, none of the other studies that
reported pre and post induction measurements reported

similar findings [15, 20, 28, 29]. It was previously shown
that propofol transiently reduced microcirculatory perfu-
sion in 15 healthy young females that underwent oocyte
retrieval under propofol sedation [39]. Possibly, these
phenomena may explain the opposite findings by De
Backer and the other studies; however, the exact propo-
fol doses administered in the study by De Backer et al.
were not reported.
The effect of volatile anesthetic agents on outcome in

cardiac surgery remains a topic of debate [40]. Özarslan
et al. compared the effect of various volatile anesthetics
agents on sublingual microcirculatory perfusion and
showed that sevoflurane compared to isoflurane and
desflurane reduced microcirculatory perfusion during
cardiac surgery, as reflected by a significantly lower PPV
in small vessels during CPB. This effect was transient, as
it had resolved by the end of surgery. Although
anesthesia may affect microcirculatory perfusion, cur-
rently available data suggests this effect to be subtle and
transient by nature.
Traditionally, CPB generates a non-pulsatile blood

flow and this non-physiological blood flow may exhibit
adverse effects on microcirculatory perfusion. In the
present review, four studies compared a pulsatile blood
flow during CPB with a non-pulsatile blood flow [19, 20,
24, 26]. Both studies of Koning et al. reported a restor-
ation of microcirculatory perfusion following weaning
from CPB with pulsatile flow compared to non-pulsatile
flow, whereas both studies of O’Neill reported preserva-
tion of microcirculatory perfusion during CPB with pul-
satile flow compared to non-pulsatile flow. Despite
extensive literature, the question whether pulsatile flow
during CPB may be superior to non-pulsatile flow re-
mains unanswered [41, 42].
The relationship between microcirculatory perfusion

disturbances and clinical outcome remains unclear. Un-
fortunately, most studies included in this review did not
provide data on clinical outcome. Moreover, remaining
studies lacked detailed information concerning the ex-
tent of microcirculatory perfusion disturbances and out-
come. Furthermore included studies were not powered
sufficiently to draw any conclusions on the association be-
tween microcirculatory perfusion disturbances and import-
ant complications of cardiac surgery such as mediastinitis,
stroke, acute kidney injury (AKI), acute lung injury, and
mortality. However, ample literature exists on the correl-
ation between microcirculatory perfusion disturbances and
outcome in other settings such as sepsis and hemorrhagic
shock [37, 38]. It was shown that reduced microvascular
density at 72 h was independently associated with mortality
in septic shock patients [43], whereas early improvement of
microcirculatory perfusion parameters was seen in survi-
vors [37]. Interestingly, also early goal-directed therapy may
improve microcirculatory perfusion parameters irrespective
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of global hemodynamics and was found to be associated
with reduced multi-organ failure [44]. It is likely similar re-
lationships may be found in a cardiac surgery setting and
future research should explore this correlation.

Future perspectives
This review outlines the current evidence on the course
of CPB-induced alterations in sublingual microcircula-
tory perfusion during cardiac surgery; however, the

Fig. 2 Summary figure. Cardiac surgery with cardiopulmonary bypass impairs microcirculatory perfusion, which is monitored sublingually in
patients in the perioperative period. Onset of cardiopulmonary bypass reduces sublingual microcirculatory perfusion reflected by functional
capillary density (FCD), proportion of perfused vessels (PPV), and perfused vessel density (PVD) compared to baseline, whereas total vessel density
(TVD) remained unaltered. The effect of cardiopulmonary bypass on microvascular flow index (MFI) differed between studies. Pathophysiological
mechanisms include systemic inflammation, and activation of complement and coagulation, which causes shedding of the endothelial protective
glycocalyx layer leading to endothelial injury. In addition, release of barrier disruptive mediators induce endothelial barrier disruptive signaling,
resulting in capillary leakage and edema formation. Activation of the endothelium stimulates the release of nitric oxide (NO), affecting vascular
tone and systemic blood pressure. Moreover, induction of endothelial adhesion molecule expression increases leucocyte rolling and extravasation.
Also, activation of polymorphonuclear neutrophils causes the release of reactive oxygen species (ROS), contributing to tissue injury. Activation of
platelets and coagulation are associated with the formation of microthrombi and microvascular occlusion. Collectively, these mechanisms impair
microcirculatory perfusion and contribute to organ injury following cardiac surgery with cardiopulmonary bypass, with clinical and experimental
treatment strategies presented in italic in white boxes. IL, interleukin; IFNy, interferon gamma; TNFα, tumor necrosis factor alpha
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duration of this CPB-effect remains unclear. Further re-
search is warranted to discover the full extent of CPB-
induced microcirculatory perfusion disturbances and to
identify strategies to improve the restoration capacity of
the microvasculature. Also, the relationship between
microcirculatory perfusion disturbances and clinical out-
comes in cardiac surgery is unclear. A recent review by
De Backer outlines the challenges that face implementa-
tion of hand-held microscopy into everyday clinical
practice [45]. Microcirculatory imaging tools lack clearly
defined endpoints and therapeutic interventions to reach
these targets. Also, image analysis remains time consum-
ing. Perhaps, the advent of machine learning in medicine
will provide the necessary improvements to fully auto-
mate image analysis in the near future.

Limitations
The effect of CPB on microcirculatory perfusion was not
the primary objective of all included studies; therefore,
these studies may not have been adequately powered for
this analysis. Moreover, included studies were relatively
small single-center studies. Heterogeneity of included
studies makes this review susceptible to various forms of
bias such as selection and confirmation bias. Despite
guidelines to ensure uniform data reporting, this review
contains 23 subtly different definitions of the accepted
microvascular parameters measured at different time
points and intervals with varying baselines. The CPB
protocols, when reported, had considerable variation,
which may potentially have influenced microcirculatory
perfusion measurements.
Another limitation is that this review focusses solely

on sublingual measurements of the microcirculatory per-
fusion. The sublingual area is easy to reach in the oper-
ating theater and afterwards on the ICU or ward, and
the sublingual microcirculatory network shares the same
embryologic origin as the gut. Both in the experimental
[46, 47] and clinical [48, 49] setting, sublingual microcir-
culatory changes correlate well with microcirculatory
changes in other tissues such as the gastric and gut mu-
cosa, although this notion has been challenged in an
ICU sepsis setting [50].

Conclusion
Cardiopulmonary bypass during cardiac surgery reduces
sublingual microcirculatory perfusion. These microcircu-
latory perfusion disturbances following cardiac surgery
with cardiopulmonary bypass are mainly characterized by
a decrease in the amount of perfused capillaries leading to
reduced functional capillary density (FCD), perfused vessel
density (PVD), or proportion of perfused vessels (PPV). In
contrast, no effect of CPB on total vessel density (TVD),
small vessel density (SVD), or vessel density (VD) was ob-
served (Fig. 2). So far, data concerning the effect of CPB

on microvascular flow index (MFI) remains conflicting. In
conclusion, cardiopulmonary bypass during cardiac sur-
gery mainly impairs microcirculatory flow, without affect-
ing the overall amount of microvessels. This heterogeneity
in microvascular flow is however not adequately reflected
in MFI. Interestingly, four studies found CPB-induced
microcirculatory perfusion disturbances lasted for at least
24 h after surgery, indicating a prolonged impairment of
microcirculatory perfusion in the postoperative period.
Further research is warranted to confirm these findings in
larger groups and to identify the relationship with clinical
outcome.
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