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Abstract

Introduction: Lactic acidosis after cardiac surgery with cardiopulmonary bypass is common and
associated with an increase in postoperative morbidity and mortality. A number of potential causes
for an elevated lactate after cardiopulmonary bypass include cellular hypoxia, impaired tissue
perfusion, ischemic-reperfusion injury, aerobic glycolysis, catecholamine infusions, and systemic
inflammatory response after exposure to the artificial cardiopulmonary bypass circuit. Our goal
was to examine the relationship between early abnormalities in microcirculatory convective blood
flow and diffusive capacity and lactate kinetics during early resuscitation in the intensive care unit.
We hypothesized that patients with impaired microcirculation after cardiac surgery would have a
more severe postoperative hyperlactatemia, represented by the lactate time-integral of an arterial
blood lactate concentration greater than 2.0 mmol/L.

Methods: We measured sublingual microcirculation using incident darkfield video microscopy in
50 subjects on intensive care unit admission after cardiac surgery. Serial measurements of systemic
hemodynamics, blood gas, lactate, and catecholamine infusions were recorded each hour for the
first 6 h after surgery. Lactate area under the curve (AUC) was calculated over the first 6 h. The
lactate AUC was compared between subjects with normal and low perfused vessel density (PVD

< 18mm/mm?2), high microcirculatory heterogeneity index (MHI > 0.4), and low vessel-by-vessel
microvascular flow index (MFIv < 2.6).

Results: Thirteen (26%) patients had a low postoperative PVD, 20 patients (40%) had a high
MHI, and 26 (52%) patients had a low MFIv. Patients with low perfused vessel density had higher
lactate AUC compared with subjects with a normal PVD (22.3 [9.4-31.0] vs. 2.6 [0-8.8]; P<
0.0001). Patients with high microcirculatory heterogeneity had a higher lactate AUC compared
with those with a normal MHI (2.5 [0.1-8.2] vs. 13.1 [3.7-31.1]; £< 0.001). We did not find a
difference in lactate AUC when comparing high and low MFIv.

Conclusion: Low perfused vessel density and high microcirculatory heterogeneity are
associated with an increased intensity and duration of lactic acidosis after cardiac surgery with
cardiopulmonary bypass.

Keywords
Cardiac surgery; circulatory shock; lactate; microcirculation; resuscitation
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INTRODUCTION

Circulatory shock after cardiac surgery is estimated to occur in 25% to 40% of patients,
caused by hemorrhage, ischemic-reperfusion injury, systemic inflammatory response, and
microemboli formation which can all impair microcirculatory blood flow (1-3).

Hyperlactatemia is used as a marker of inadequate tissue perfusion and is regularly followed
after cardiac surgery. There are a number of potential causes for an elevated lactate after
cardiopulmonary bypass including cellular hypoxia, impaired tissue perfusion, ischemic-
reperfusion injury, aerobic glycolysis, catecholamine infusions, and systemic inflammatory
response after exposure to the artificial cardiopulmonary bypass circuit (4-6). Although
clinical outcomes are often good after cardiac surgery, both moderate (2 mmol/L-4
mmol/L), severe (= 4mmol/L), and prolonged abnormalities in postoperative lactate are
associated with increased morbidity and mortality (7-9). Early identification of perfusion
abnormalities with handheld video microscopy is appealing, since a rise in lactate level
requires a period of ischemia to have already taken place. Unlike blood lactate and more
widely used methods to evaluate the microcirculation (e.g., mottling score, capillary refill
time, etc.), evaluation with handheld video microscopy has allowed for a more detailed
assessment of perfusion derangements such as global versus heterogeneous reductions in red
blood cell velocity, capillary microthrombosis, and reductions in functional capillary density
which may provide insight to the mechanism of circulatory shock.

Abnormal microcirculatory blood flow is an important and potentially reversible cause

of tissue hypoxia causing lactic acidosis. Isolated experiments have reported inconsistent
findings regarding impaired postoperative microcirculation and its relationship to traditional
measures of oxygen delivery and utilization (10-14). Decreases in microcirculatory diffusive
capacity and convective blood flow after cardiac surgery have been described (3, 12).

We recently found severe reductions in postoperative perfused vessel density (PVD) were
associated with an increase in measured lactate concentration and postoperative organ injury
(15). Unfortunately, the relationship between postoperative microcirculation abnormalities
and lactate Kinetics remains unclear (3, 16).

Our study aimed to examine the relationship between early abnormalities in postoperative
microcirculation and lactate kinetics during the early resuscitation in the intensive care

unit. We hypothesized that the severity of postoperative hyperlactatemia, represented by the
lactate time-integral of an arterial blood lactate concentration greater than 2.0 mmol/L (area
under the curve [AUC]), would be greater in patients with impaired microcirculation.

MATERIALS AND METHODS
Study design

We performed an exploratory prospective study at a single, tertiary academic cardiovascular
surgical intensive care unit (ICU). The study protocol was approved by our institutional
review board (IRB #829765). Patients were screened for eligibility on days the investigators
were available to perform microcirculation imaging over a 12-month period from May 2019
through January 2020. Adult patients (age > 18 years) receiving elective coronary artery
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bypass grafting or valvular surgery requiring cardiopulmonary bypass were approached
for enrollment in the pre-operative staging area or medical ward prior to their transfer to
the operating room. Patients were excluded from the study if they received hypothermic
circulatory arrest, were unable to tolerate microcirculatory flow image acquisition (e.g.,
nonintubated patients dependent upon oxygen by facemask or nonrebreather), could not
cooperate with the examination (e.g., poor mouth opening, agitation), unable to provide
written consent, had recent maxillofacial surgery, or oral mucosal bleeding. Written
informed consent was obtained from the patient prior to enrollment. Study data was
collected and recorded using the Research Electronic Data Capture electronic data capture
tools hosted at the University of Pennsylvania (17, 18).

Intraoperative care

All patients were monitored with an invasive arterial blood pressure line, five-lead
electrocardiography, pulse oximetry, end-tidal capnography and gas analyzer, a pulmonary
artery catheter with core temperature probe, central venous pressure monitoring, and
transesophageal echocardiography. Induction of anesthesia was performed with intravenous
fentany! (up to 5 pg/kg), propofol (1 mg/kg—2 mg/kg), and vecuronium (0.1 mg/kg) prior
to endotracheal intubation. Anesthesia was maintained with isoflurane in a mixture of
oxygen and air. Additional doses of muscle relaxant and fentanyl were given as needed. All
patients were mechanically ventilated with lung protective ventilation during the operative
case. Tidal volumes were prescribed to 6 mL/kg to 8 mL/kg of ideal body weight and a
positive end-expiratory pressure of 5 cm to 10 cm H»O with the respiratory rate adjusted

to achieve an end-tidal carbon dioxide measurement of 30 mm Hg to 35 mm Hg. Prior to
CPB, anticoagulation with 300 1U/kg of heparin was administered to achieve an activated
clotting time >450 s. A bypass flow rate of 2.2 L/min/m? to 2.4 L/min/m? was delivered
with a mean arterial pressure (MAP) maintained > 60 mm Hg. Patients were maintained at
30°Cto 32°C during the procedure. Microplegia or del Nido cardioplegia solution was used
based on surgeon preference. Intravenous phenylephrine was administered as needed for
hypotension. After weaning from bypass, a MAP >60 mm Hg, cardiac index > 2.2 L/min/m?
was achieved with the administration of fluid boluses and vasoactive titration (phenylephrine
or epinephrine infusion). Cardiac function and filling status were reviewed and optimized
at the end of the operative case with the assistance of transesophageal echocardiography.
Heparin-based anticoagulation was reversed with 1 mg of protamine for each 100 U of
heparin given to restore activated clotting time to baseline values.

Hemodynamic and physiologic measurements

Postoperative microcirculation measurements were obtained within the first hour of arrival
to the ICU. Systemic hemodynamic data along with perfusion data were collected upon

ICU admission, then hourly during the first 6 h of postoperative care. Cardiac output,
cardiac index (Cl), central venous pressure, pulmonary artery pressure, and mixed venous
oxygen saturation were continuously monitored using a pulmonary artery catheter (Edwards
Lifesciences LLC, Irvine, Calif). Arterial blood pressure was measured using a standard
invasive arterial line. Arterial blood gas samples were obtained hourly for the first 6 h after
ICU admission. Blood samples drawn into a commercial, preheparinized 1 mL arterial blood
sampler were then immediately analyzed by an ABL90 FLEX automatic blood gas analyzer
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(Radiometer America Inc, Brea, Calif). Hemoglobin, hematocrit, pH, PaO,, PaCO», and
glucose were also reported on each blood gas analysis. After 6 h, blood gas analysis was
performed as needed by the clinical team.

Lactate levels and the lactate area under the curve (AUC)

The severity of hyperlactatemia during the first 6 h of the patient’s ICU stay was calculated
using the trapezoidal method, which assumed a linear change between measurements over
time to estimate the intensity of blood lactate concentration > 2.0 mmol/L (incorporating
both depth and time) (Fig. 1) (19). Lactate measurements were no longer recorded if

the patient achieved lactate normalization (lactate < 2.0 mmol/L) prior to 6 h. Lactate
normalization was defined as the duration of time between ICU arrival and the first lactate
concentration < 2 mmol/L.

Microcirculatory imaging and analysis

Evaluation of microcirculation was recorded using sublingual incident dark field video
microscopy (CytoCam, Braedius Medical BV, The Netherlands) upon arrival to the ICU by
JCG (20). Images were obtained by gently placing the videomicroscope under the tongue
until an adequate view of the microcirculation was in view. A minimum of three video clips
of 5 s (100 frames) duration were included at each time point per analysis, with attention

to quality factors, especially the absence of pressure artefact, excess saliva, and proper
location in accordance with the accepted consensus for assessing the microcirculation (Fig.
2). Averaging = 3 videos improves reproducibility of sublingual microcirculation imaging
(21).

Each clip was deidentified and coded to be analyzed after enrollment was complete.
Microcirculatory videos were exported to Automated Vascular Analysis (AVA 3.2;
Microvision Medical B.V.) format using the CCTools 2 software to be manually analyzed
using a validated, web-based tool (22). Video analysis was performed at the conclusion

of the data collection period by the lead investigator (JCG) and AES who were blinded

to the conditions of the subject. Image quality was assessed using the 6-factor Massey
quality score, which scores each video for appropriate illumination, duration, focus, content,
stability, and pressure. Images were only analyzed if the Massey quality score was < 10 (23).
Only microvessels < 20 um in diameter were included in the analysis. Vessel-by-vessel
microcirculatory flow index (MFIv), microcirculatory heterogeneity index (MHI), total
vessel density (TVD), proportion of perfused vessels (PPV), perfused vessel density (PVD)
were manually measured according to the current best practice guidelines for reporting
microcirculatory variables (24). A description of the microcirculation characteristics
measured is included in Table 1. Blood flow within each microvessel was graded using

a semiquantitative scale, based on the vascular flow pattern ranging from 0 to 3 (0 = no flow,
1 = intermittent, 2 = sluggish, or 3 = continuous flow). We considered vessels with no flow
or intermittent flow as nonperfused, whereas continuous or sluggish scores were regarded

as perfused vessels for the calculation of PPV and PVD. Microcirculatory impairment was
defined as an MFI < 2.6, MHI > 0.4, PVD < 18 mm/mm? (15, 25, 26).
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Intensive care unit resuscitation and management

All patients were warmed to 36°C using a forced-air warming blanket as needed. Initial
resuscitation to normalize systemic hemodynamics, including adequate intravascular filling
pressures, mean arterial pressure (MAP) of 65 mm Hg to 80 mm Hg, cardiac index of

> 2.2 L/min/m?2, was targeted unless specified by the surgical team. Perfusion targets
included a mixed venous oxygen saturation > 65% and lactate normalization. After adequate
intravascular volume resuscitation, phenylephrine was titrated to achieve the patient’s goal
MAP and epinephrine was titrated to achieve an adequate cardiac index. A standard
postoperative hemoglobin target of 8 g/dL was established for packed red blood cell
transfusion.

Availability of data and materials

The dataset supporting the conclusions of this article is available viathe Zenodo research
data repository (27).

Statistical analysis

RESULTS

Data were assessed for normality using the D’ Agostino and Pearson omnibus normality test.
Global hemodynamic and microcirculation variables are reported as mean + SD. Variables
that were not normally distributed are reported as median with interquartile range (25th—
75th percentiles). Differences between normally distributed variables were assessed using
paired Student #test or Wilcoxon matched-pairs signed rank test. Non-normal data were
compared using Mann—Whitney U'test. Two-way ANOVA with Sidak post-hoc testing for
multiple comparisons was performed to compare hourly postoperative lactate levels grouped
by quantitative microcirculatory thresholds along with other variables recorded over time.
Bland-Altman plot was performed for 10% of videos to assess interrater reliability between
coders. Statistical analysis was conducted using Prism v 8.0 (GraphPad Software, San
Diego, Calif). Statistical significance was assumed at < 0.05.

Baseline characteristics and physiologic data

During the study period we enrolled 53 patients receiving elective cardiac surgery

who fulfilled the inclusion criteria. Three subjects were excluded due to inadequate
microcirculatory video quality scores, which left 50 patients for final analysis. Baseline
demographic, surgical, and intraoperative data are included in Table 2. Selected hourly
postoperative resuscitation intervention data are included in Supplement Figure 1, http://
links.lww.com/SHK/B195. All patients survived to hospital discharge.

Microcirculation video and quality data

A total of 218 microcirculation video clips were screened for quality and 165 video clips
met the threshold for further analysis. JCG analyzed 125 videos, AED analyzed 40 videos,
and 20 were analyzed by both investigators to determine interrater agreement. Total median
Massey score was 0 [0-1], Massey component scores included illumination 0 [0-0], duration
0 [0-0], focus 0 [0-0], content 0 [0-0], stability 0 [0-0], and pressure 0 [0-0]. Cohen
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kappa for inter-rater agreement was «=0.95, bias was 0.1 + 1.4 [-2.5-2.8]. Frequency of
microcirculation abnormalities are shown in Figure 3.

Postoperative lactate and microcirculation

Nine subjects (18%) presented to the ICU with an initial lactate of 2.0 mmol/L or less

and never developed an abnormal lactate level. A total of 332 lactate measurements were
included in the analysis. Median lactate concentration at ICU arrival was 3.0 [1.7-4.1]
mmol/L; minimum 0.8 mmol/L and maximum 8.1 mmol/L. Sixteen subjects (32%) achieved
lactate normalization within 6 h.

Microcirculation—heterogeneity——Twenty subjects (40%) had high microcirculatory
heterogeneity (MHI) on admission. Physiologic and ICU resuscitation data on admission
and 6h postadmission are reported in Table 3. Lactate kinetics over the first 6 h are shown in
Figure 4. There was no difference between admission lactate at the time of microcirculation
measurement (2.7 £ 1.6 vs. 3.5 = 1.8 mmol/L; P = 0.09) between subjects with a normal and
high MHI on admission. Peak lactate (6.0 + 3.1 vs. 3.9 = 2.2 rnmol/L; P < 0.001) was higher
in the high MHI group, and time to lactate normalization was longer in the high MHI group
(9.8+£4.4vs.7.0£4.8h; P<0.05). PPV was higher in the high MHI group (79.1 + 6.2% vs.
88.6 + 6.1%; £ < 0.001) than in the normal MHI group. TVD was not significantly different
between groups (22.4 + 3.9% vs. 24.2 £ 3.7%; P=0.1).

Microcirculation—perfused vessel density——Thirteen subjects (26%) presented to
the ICU with low microcirculatory PVD. Intensive care unit physiologic and resuscitation
data on admission and 6h postadmission are reported in Table 4. Lactate kinetics over

the first 6h are shown in Figure 5. Admission lactate at the time of microcirculation
measurement (4.2+1.9 vs. 2.6+ 1.4mmol/L; £< 0.0l) and peak lactate (7.2 £2.5 vs. 3.8
+2.3mmol/L; P< 0.0001) were higher in patients with low PVVD compared with those with a
normal postoperative PVD. Time to lactate normalization was longer in the low PVD group
(11.3+£1.6 vs. 7.0 £ 5.0h < 0.01). Both PPV (78.8 £6.8% vs. 86.6 £7.0%; £< 0.001) and
TVD (19.1 £2.6 vs. 25.1 +2.9 P< 0.0001) were reduced in the low PVD group.

Microcirculation—microvascular flow index——Twenty-six subjects (52%) had a
low MFIv on admission. Lactate kinetics over the first 6 h are shown in Figure 6.

There were no differences in lactate concentration at any time point between those with
normal or abnormal MFIv. There was no difference in demographics, intraoperative data,
intraoperative resuscitation, or postoperative resuscitation characteristics between subjects
with a normal versus low MFIlv when measured on admission to the ICU. There was no
difference between admission lactate at the time of microcirculation measurement (2.9 + 1.4
vs. 3.2 = 1.9mmol/L; P=0.43) and peak lactate (4.2 £ 2.4 vs. 5.2 + 3.0mmol/L; P=0.23)
between normal and low MFIv groups. There was no difference in lactate normalization
between normal and low MFIv groups (7.3 + 5.0 vs. 8.8 £ 4.6 h; P=0.26).

Lactate area under the curve——When grouped by predefined cutoffs for abnormal

postoperative microcirculation, patients with high heterogeneity had an increased lactate
AUC compared with those with low heterogeneity (2.5 [0.1 - 8.2] vs. 13.1[3.7 - 31.1]; P
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< 0.001). Patients with low PVD had an increased lactate AUC compared with those with
anormal PVD (22.3[9.4 — 31.0] vs. 2.6 [0-8.8]; A< 0.0001). There was no difference in
lactate AUC in subjects with normal versus low MFIv (Fig. 7).

DISCUSSION

This is the first study to examine the relationship between early microcirculatory
derangements and the intensity of hyperlactatemia over time in critically ill patients

after cardiac surgery. We were able to demonstrate that early impairment of
microcirculatory perfused vessel density and high heterogeneity are associated with
increased lactate concentration and duration compared with patients with normal
postoperative microcirculation during the first 6 h of resuscitation. We also found that
early impairment of vessel-by-vessel microvascular flow index was not associated with an
increased lactate AUC during the first 6 h of postoperative resuscitation.

Resuscitation thresholds based on microcirculatory blood flow to guide therapeutic
intervention are of significant interest (28). Commonly used physical examination-based
and laboratory-based thresholds such as capillary refill time, PvaCO,, ScvO,, and lactate
can provide important clinical insight, but each has their limitations. The role of

lactate in critical illness has been widely studied but remains incompletely understood.
Lactate can rise from a number of nonischemic causes, including the administration

of exogenous catecholamines causing B, stimulation, inadequate tissue oxygen uptake,
increased glycolysis, or decreased hepatic clearance (5, 6, 29). In our study groups, there did
not appear to be a difference in postoperative liver function tests, glucose concentration, or
catecholamine administration between normal versus impaired microcirculation groups.

The presence and diversity of microcirculatory derangements found in our post-cardiac
surgery cohort (Fig. 3) highlight the limitations of our traditional approach to shock,
which is often classified by macrocirculatory phenotypes (e.g., hypovolemic, distributive,
cardiogenic, etc). Handheld video microscopy can provide detailed information regarding
patient-specific perfusion abnormalities such as microcirculatory shunting, changes in red
blood cell velocity, and reduced capillary density. Our patients all achieved appropriate
hemodynamic goals, indicating a clear dissociation between the macro- and microcirculation
in a large proportion of patients. The high lactate AUC in subjects with a low functional
capillary density (PVD< 18 mm/mm?) and high heterogeneity (MHI> 0.4) indicates an
increased intensity of cellular hypoxia that occurred during the first 6 h of resuscitation.
This is an important finding, as traditional resuscitation strategies applied to patients with
postoperative shock such as intravenous fluid administration, vasopressors, nitric oxide
donors, anticoagulants, or anti-inflammatory agents may provide greater patient benefit if
used to target microcirculation-specific derangements (30, 31).

Perfused vessel density provides an estimate of functional capillary density, reflecting a
combination of microcirculation diffusive and convective properties. Patients with a reduced
PVD developed a higher peak lactate as well as a prolonged duration of lactic acidosis.
These findings were independent of differences in systemic hemodynamics, hematocrit,
glucose concentration, liver function, catecholamine dose, and other contributors toward
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lactate generation and clearance. Several studies have found that reductions in PVD are
associated with an elevation in blood lactate concentration at the time of measurement

(15, 32, 33). Previous studies have identified decreases in functional capillary density after
cardiac surgery, but our findings link the loss of PVD as a mechanistic cause for prolonged
lactic acidosis (3, 34). The high lactate AUC in patients with low PVD may be the result of
microthrombosis, reduced tissue diffusive capacity, or microvascular shunting leading to a
prolonged cytosolic redox state and impaired tissue oxygenation.

Patients with a high microcirculation heterogeneity also experienced a higher peak lactate
and a greater lactate AUC. Increases in heterogeneity have been identified in patients

with sepsis, ischemia-reperfusion injury, and after cardiac surgery (3, 14, 35). Causes for
increased flow variation in localized microvascular beds include systemic inflammation,
changes in local nitric oxide release, and vascular endothelial injury which are not rapidly
reversible (36). Heterogeneous capillary blood flow represents a second mechanism of
prolonged postoperative lactic acidosis, where an increase in flow through a reduced number
of capillaries results in decreased red blood cell oxygen offloading and regional tissue
hypoxia (37, 38). It appears to cause more severe alterations in tissue oxygenation compared
with homogenously decreased perfusion (39, 40). Interestingly, 10 of the 13 subjects with
reduced PVD also had an increased MHI. The cumulative effect of both impaired convective
blood flow and diffusive capacity may explain the larger lactate AUC seen in the low PVD

group.

Of all the measurements obtained with handheld video microscopy on the microcirculation,
MFIv is the most subjective as it relies on the reviewer to assign a semiquantitative score

to each capillary, which reduces its sensitivity for convective impairments. This may explain
why we did not find an association between MFIv and postoperative lactate AUC. Rapid
analysis that reports objective measures such as RBC velocity has remained one of the
largest barriers to objectively classifying convective flow abnormalities and incorporating
HVM into clinical care, but there is promising data that may allow clinical adoption of this
technology in the near future (41, 42).

Several limitations should be discussed. First, we performed sublingual IDF microscopy to
assess postoperative microcirculatory function, which may not represent global capillary
blood flow. Sublingual IDF correlates with gut and renal microcirculation in patients

with circulatory shock, but discrepancies between individual organ systems can exist

(43, 44). Second, we are reporting microcirculatory characteristics within a single cohort

of patients with circulatory shock after cardiac surgery. Our methods did not include a
baseline measurement prior to patients receiving cardiac surgery. Pragmatically, clinicians
are often faced with receiving critically ill patients without a known patient-specific baseline
function, which may lead to under- or over-resuscitation. Determination of abnormal
microcirculation thresholds for a population as well as patient-specific microcirculatory
capacity are an important next step for research. Topical agents have been used to identify
an individual’s microcirculatory capacity, and have been tied to functional outcomes (45).
Further investigation to explore this relationship in critically ill patients may provide insight
toward setting patient-specific resuscitation targets in the future. Our dataset was not
powered to show the independent effect of isolated changes in microcirculatory blood flow
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characteristics. Although controlled experiments have shown increased heterogeneity may
impact tissue hypoxia more than a uniform decrease in blood flow, these findings need to be
examined more closely in a human model. Lastly, multiple studies have found a prolonged
(>6 h) duration of microcirculation abnormalities after cardiac surgery independent of
systemic hemodynamics. We did not perform serial microcirculation measurements on

our subjects. Relative changes from baseline and over time would strengthen the link
between microcirculatory derangements and lactic acidosis over time and would strengthen
the conclusion that prolonged hyperlactatemia is the result of persistent microcirculatory
impairment.

In conclusion, early decreases in perfused vessel density and increases in microcirculatory
heterogeneity are associated with an increased intensity and duration of lactic acidosis after
cardiac surgery. Further research to determine the weighted effects of specific abnormalities
in capillary blood flow would be useful for guiding targeted interventions to improve tissue
perfusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CABG coronary artery bypass grafting
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Cl cardiac Index
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ICU intensive care unit
IDF incident dark field
IQR interquartile range
MAP mean arterial pressure
MFI microvascular flow index
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MFIv microvascular flow index vessel by vessel
MHI microcirculatory heterogeneity index
PPV proportion of perfused vessels
PVD perfused vessel density
REDCap research electronic data capture
SD standard deviation
SvO, mixed venous oxygen saturation
SVRIi systemic vascular resistance index
TVD total vessel density
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Lactate (mmol/L)

Time (hours)

The lactate area under the curve (AUC) above the upper normal limit of lactate (2.0 mmol/L)
was calculated using the trapezoidal method based on five possible scenarios depicted in

(A-E).
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Fig. 2. Example of high-quality video sequence accepted for analysis (left).
Example of video not analyzed due to poor quality score (>25% vessel loops, improper

anatomic location).
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Fig. 3.
Frequency of microcirculatory derangements in subjects with abnormal postoperative
microcirculation.
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Repeated Measures ANOVA
Lactate: p=0.003

Time * Lactate: p=0.02

-% LK by MHI > 0.4

-o- LK by MHI <=0.4

Fig. 4. Lactate kinetics by postoperative MHI measured at ICU admission.
Hourly mean lactate with (with 95% CI) shown. Intergroup difference * £< 0.05. MHI

indicates microcirculatory heterogeneity index; ICU, intensive care unit.
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Repeated Measures ANOVA
Lactate: p<0.001

Time * Lactate: p=0.39

o~ LKPVD<18

- LKPVD>=18

Fig. 5. Lactate Kinetics by postoperative PVD measured at ICU admission.
Hourly mean lactate with (with 95% CI) shown. Intergroup difference * £< 0.05, ** P<

0.01. PVD indicates perfused vessel density; ICU, intensive care unit.
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e Repeated Measures ANOVA
Lactate: p=0.27

Time * Lactate: p=0.97

- LKbyMFlv<26

-o- LK by MFlv >=2.6

Lactate (mmol/L)

Time (hours)

Fig. 6. Lactate kinetics by postoperative MFIv measured at ICU admission.
Hourly mean lactate with (with 95% CI) shown.
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Fig. 7. Lactate area under the curve by postoperative microcirculation abnormality.
Boxes show median, interquartile range (whiskers representing minimum/maximum values)

* P<0.01, ** P<0.001.
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