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Introduction

One of the primary goals of intensive care medicine is to ensure that sufficient

oxygen is delivered to the mitochondria to ensure adequate energy production

needed for cell survival and function. To this end, it is key to ensure that sufficient

oxygen-carrying blood reaches the microcirculation of the organs. Microcirculation is

one of the main components of circulation responsible to deliver oxygen, nutrients,

hormones, and electrolytes to the organs and their parenchymal cells. It has

currently been well established that deterioration of the microcirculation can lead to

tissue hypoxia, cell death, and ultimately in organ failure. However, in clinical practice,



the focus is on the normalization of systemic hemodynamic parameters such as

arterial pressure, cardiac output, or left ventricular filling pressure, and the

microcirculation has not been taken into account as a diagnostic parameter or target

for treatment strategies, as yet. Early experimental studies suggested that the origin

of the disease resided in the pathological heterogeneity of blood flow in the

microcirculation resulting in a defect in the oxygen extraction capacity of the

parenchymal cells[1, 2]. Our clinical introduction of orthogonal polarization spectral

(OPS) imaging[3] allowed for the first time direct observation of the microcirculation

of internal organs during neurosurgery. OPS imaging was further applied to the

observation of sublingual microcirculation in septic patients where severe alterations

in capillary flow were observed[4, 5]. These studies unleashed large number of

studies that revealed importance of microcirculation in states of critical illness[6]. In

parallel to the improvement ofhand-held vital microscopes, image-capturing

techniques and image analysis software asprovided deeper insight into the cause

of a wide range of conditions in intensive care medicine.

Hand-held vital microscopy (HVM) was thus introduced by the development of

OPS imaging devices developed in 1999 whereby the microcirculatory system

could be directly observed at the bedside. The technique was accomplished by

illuminating tissue with light of a wavelength of 548 nm and linearly polarized light



through a light guide with a magnifying lens at its tip, and then collecting

backscattered light from the illuminated tissue through an orthogonal polarizer onto

a charge-coupled device (CCD) video camera system([3]. The green light used is

absorbed by the red blood cells (RBC) thus allowing the observation of flowing red

blood cells (RBC) in the arterioles, capillaries, and venules of an organ surface on

which the light guide is placed. A next-generation improved device was introduced

by us called a sidestream dark field (SDF) image device (with a central light guide

accompanied with concentrically placed light emitting diodes (LEDs)). By illuminating

light wavelength of 530 nm from the outer core of the SDF light guide, tissue was

illuminated by the side and reflected light collected by a centrally located light guide

lens system, which optically isolated from the illuminating outer ring to prevent the

contamination by tissue surface reflections of illuminating light. The SDF image

device allowed a better observation of the microcirculatory system than its

predecessor[7, 8] and has been used in many studies in the microcirculatory

research field for the last decade. The following third-generation devices are

referred to as incident dark field illumination (IDF) devices based on an early optical

design by Sherman and Cook[9]. To date, IDF devices have provided the best images

revealing an additional 30% more visible capillaries than the previous generation

devices[10]. In addition to IDF illumination associated with a high-grade



magnification lens, the use of high-brightness LEDs with extremely short pulse time

synchronized with the image acquisition allowed such sharp microcirculation images

to be detected[11]. The use of IDF imaging can be regarded as the current

state-of-the-art in clinical microcirculation research.

Despite limitations imposed by the technology for obtaining high quality video,

and the long duration required for off-line software-based analysis, microcirculatory

assessment of critically patients provided detailed new insight into the origin of

disease and the response to therapies. In this review, we would like to highlight the

importance of the need to monitor microcirculation at the bedside and update

recent developments related to clinical microcirculation measurements in intensive

care patients.

What microcirculatory measurement has taught us about pathophysiology

The second consensus of assessment of sublingual microcirculation formulated by an

ESICM task force has provided a cornerstone for the clinical introduction of bedside

monitoring of the microcirculation[12]. This paper reviewed the need for better

image acquisitions and quality, standardized image analysis, and interpretation, and

addressed the future requirements which needed to be met for the routine clinical

introduction of microcirculatory measurement[12]. Specific patterns of

microcirculatory vasculature alternations allow a differential diagnosis to be



performed to identify the cause of a loss of hemodynamic coherence between the

systemic circulation and microcirculation where normalized systemic variables are

insufficient to identify the presence of microcirculatory dysfunction leading to

parenchymal cell injury[13]. In doing so, four types of microcirculatory alterations can

be identified all associated with the development of reduced oxygen transport to the

tissue by the microcirculation; heterogeneity, hemodilution, constriction/tamponade,

and edema. Especially, the presence of heterogeneity in the perfusion of the

microcirculation with the presence of plugged vessels next to patent vessels has

been found to be specific to sepsis and associated with a high degree of sensitivity

and specificity for mortality above those provided by systemic circulatory

parameters[14, 15]. The consensus also identified the manner in which the different

types of shock could be distinguished, how to perform a differential diagnosis on the

types of microvascular alterations, and what to expect after interventions. Based on

the foundation set by the consensus document, the assessment of the sublingual

microcirculation has evolved beyond critical care. Currently, the state of the art is

focused on optimizing individualized care by microcirculation targeted resuscitation

and for early identification of medical treatment or intervention to optimize

treatment response and prognosis. The inclusion of the ability to monitor the

presence and activation of leucocytes[16] has in addition provided a unique



monitoring platform to assess endothelial and inflammatory abnormalities in

conjunction with microhemodynamics associated with critical illness. From this point

of view, bedside assessment of the (patho)physiological status of the microcirculation

allows a personalized approach to be implemented in clinical practice by targeting

resuscitation based on the normalization of the microcirculation where differential

diagnosis, identification and titration of treatment therapy and (most importantly)

evaluation of the efficacy of the therapy to normalize the microcirculation can be

implemented.

Fluid status

Administration of fluids is a cornerstone of the treatment of critically ill patients with

hypovolemia or hypotension. Microcirculatory measurement during fluid therapy has

been performed in various perioperative and intensive care studies. The need for the

administration of fluids in response to the presence of hypovolemia can be assessed

at the bedside by observation of reduced functional capillary density (FCD). FCD is

defined by the total vessel density (TVD) and perfused vessel density (PVD) as a

measure of diffusive capacity and microvascular flow index (MFI) as an indicator of

the convective capacity of the microcirculation[12, 17]. Microcirculatory assessment

found that the changes in afterload status was not directly related to the proportion

of perfused vessel (PPV) in microvascular perfusion[18] as expected, but rather more



related to preload[19]. It was found in experimental and clinical studies that colloids

were more effective in recruiting the microcirculation than crystalloids[20].

Identifying an optimal hemoglobin concentration able to recruit the microcirculation

was investigated [21]. Recently a study suggested the presence of a possible

coherent point (defined as mean circulatory filling pressure analog (Pmca)) in

between the systemic hemodynamic and the microcirculatory system[22].

Sepsis

The mechanisms underlying the progress of sepsis to organ failure have been a

source of speculation. A key role in this respect has been attributed to the

pathogenesis of microcirculatory dysfunction leading to parenchymal injury. Several

functional parameters of the microcirculation have been identified including

alterations in FCD, TVD, PVD, and MIF in sepsis patients. Specifically, the

heterogeneity index (HI) and space-time frames (STD) per vessel measuring perfusion

abnormalities have been found to be altered, with their properties being different in

different phases of the disease course and during resuscitation[12, 17, 23]. Such

studies have shown that microcirculation assessment in sepsis patients can predict

the progress of the disease and the associated prognosis and mortality[10, 23, 24].

Assessment of parameters related to the function of the microcirculation could also

provide insight into the treatment and management efficacy, and even the specific



target for individualized treatment which can to more effective treatment options,

more precise interventions, and timing for effective control of sepsis[25-28]. By

applying microcirculation assessment, it may also be possible to distinguish early on

the development of sepsis from other forms of infection and shock[29, 30], thereby

providing a more sensitive window of opportunity to treat sepsis.

COovID-19

The pandemic caused by the Coronavirus disease 2019 (COVID-19) since late 2019,

has resulted in catastrophic casualties approaching 615 million confirmed diagnoses

and resulting in 6.54 million deaths to date. COVID-19 has had not only a huge health

issue-related impact but also a socioeconomic. It is generally accepted that the

endothelium is central in defining the pathophysiology of COVID-19 [31] which

directly suggests the potential importance of microcirculatory monitoring for Pmca

assessment of the presence and nature of the disease.

In a multicenter international study in COVID-19 patients, we investigated whether

there were signs of microcirculatory alterations as are seen in sepsis[32]. Analysis of

the microcirculation revealed the presence of increased microcirculatory leucocytes

and microthrombi in agreement with the general finding of the inflammatory

response known to occur in COVID-19 patients (Figure 1A-B-C). However, in this

study we found, contrary to microcirculatory alterations found in bacterial sepsis,



increased total vessel density accompanied by a shift of red blood cell availability

from the systemic circulation to the microcirculation as evidenced by a decrease

systemic hematocrit (Hct) with a concomitant increase in microcirculatory Hct. These

findings indicated the activation of an adaptive mechanism to enhance the oxygen

extraction capacity of the microcirculation by decreasing diffusion distances between

capillaries (increased TVD) and increasing convection of RBCs (increased RBC flow) in

response to the COVID-19-induced hypoxia. Similar microcirculatory response to

hypoxia has been shown to occur in healthy mountain climbers at high altitude

conditions[33, 34]. This finding in COVID-19 patients explained the clinical condition

described as “happy hypoxia” found in COVID-19 patients[35]. Interestingly this

adaptive mechanism we found in COVID 19 patients was not present in patients who

had SOFA scores over ten[32]. A well-described case study illustrating the various

microcirculatory aspects of the COVID-19 patient, including recovery, was reported

by Grewal and his colleagues[36] in a COVID-19 patient with subcutaneous

emphysema, venous thrombosis, and pneumomediastinum. Microcirculatory images

showed increases in perfused vessel density and RBC velocity as the disease become

more severe indicating a need to recruit the microcirculation in response to hypoxia.

Values returned to normality upon amelioration of the disease state.

Similar results as described above with variable properties have been found by



other authors[32, 37]. Taken together the loss of coherence between the systemic

circulation and the microcirculation might serve as a predictor of the severity of

disease and possibly be a prognosis factor for COVID-19 patient, a hypothesis which

would need further study. In addition, the findings of multifocal micro-thrombosis

and leucocyte recruitment might be a signal of activation of the inflammatory

response[32, 38, 39]. The above findings support the idea that assessment of the

microcirculation may provide a promising point of care modality for COVID-19

patients.

Analysis of microcirculatory images and MicroTools as a point-of-care tool for

microcirculatory assessment at the bedside.

The analysis of microcirculatory images obtained from the HVM device has been

challenging. Obtaining clinically significant functional microcirculatory parameters

from vasculature mapping and flow calculation analysis has conventionally been

done manually (AVA software) which were extremely time-consuming. A key

requirement for reliable analysis be made is that images are of sufficient quality for

analysis. Quality can be assessed by the application of the so-called Massey’s score,

which requires 5 quality dimensions including illumination, duration, focus, content,



stability, and the presence of a pressure arti  [40]. For real-time clinical applications,

there was a need for automatic analysis software. The first attempt for such a tool

was provided by our development of the so-called Automatic Vascular Analysis[41].

This software was semi-automatic and had to be applied offline. It was a great step

forward for clinical application because it allowed the calculation of quantitative

variables related to the function of the microcirculation.

A major limitation impeding the introduction of microcirculatory assessment as a

routine clinical technique has been the unavailability of quantitative automatic

analysis software for real-time quantitative evaluation of the microcirculation. Such

a development is essential to identify the quality of measurements and identify

states of disease in need of therapy and ultimately introduce microcirculatory guided

resuscitation where titration of therapy is indicated based on changes in the

microcirculation.

Recently we developed and clinically validated an automatic image analysis

software platform for the analysis of microcirculation images for providing a

guantitative assessment of microcirculatory variables called MicroTools[36]. We

clinically validated MicroTools in an international database of 267 adult and pediatric

patients in various states of disease. Here we compare analysis by MicroTools to

analysis using the manual golden standard of AVA analysis and found a perfect



correlation[42]. Whereas AVA analysis required in excess of 400 hours to analyze the

whole cohort, MicroTools was able to analyze the whole data set in under 45

minutes supporting the idea that MicroTools can be used as a point-of-care tool at

the bedside to implement microcirculation guided therapy (Figure 2A-B).

MicroTools is able to quantify and distinguish the two main determinants of

oxygen transport to tissue by the microcirculation, mainly the ability to quantify

microcirculatory diffusion and its convection capacity. This ability allowed us to

develop a new resuscitation parameter we termed tissue red blood cell perfusion

(tRBCp)[43] which combined the diffusive and convective capacity of the

microcirculation into a single parameter. We propose that this parameter might be a

promising target to optimize microcirculatory tissue oxygen delivery in a

resuscitation setting in critically ill patients[42, 43].

Databased deep learning and artificial intelligence

Based on the gradually accumulating microcirculatory data in different states of

disease and resuscitation have led to the suggestion that deep learning and artificial

intelligence could be used to analyze images and extract clinical useful information

from microcirculatory images[44].

Such an approach requires the availability of a large data set to allow learning



algorithms to be applied. To this end, we extended the previous data set we

described in our clinical validation of MicroTools[45] to over 600 patients including

information about their clinical status and their microcirculatory images. Using a

subset of this database we included four international, multicentral cohorts of

critically ill COVID-19 patients and healthy volunteers and applied neuronal network

training and internal validation on this data set. In addition, we quantifiedfunctional

microcirculatory hemodynamic variables using MicroTools. Our results showed a

slight advantage of Al over MicroTools to distinguish COVID from healthy patients but

when Al analysis was combined with MicroTools a high sensitivity and specificity

were found to identify COVID-19 patients from microcirculatory images with an AUC

of 0.84. This first such Al study shows great promise for machine learning approaches

for analysis of microcirculation images.

Future developments

Current developments are ongoing to make microcirculation measurements more

reliable and easier to perform. Such developments include optimizing image

acquisition[46], introduction of educational programs provided[47], and the use of

image stabilizers[48]. Further developments in the hardware have investigated the

potential use of other wavelengths showing improved image quality[49]. In addition,

Kurata, T., and co-workers proposed the use of dual-wavelength imaging to also



obtain images of oxygen availability[50].

Conclusion

There is a severe lack of diagnostic tools at the bedside providing detailed

information regarding the nature of disease and response to therapy. Such

techniques are currently limited to the assessment of systemic hemodynamic

variables and blood analysis whereas, outside of biomarkers, there is little to no

information about the pathophysiological conditions of the parenchymal cells of the

various organ systems. The nature of critical illness however is much more complex

than systemic variables, which is why the introduction of microcirculatory analysis

has made a significant impact over the last decade on our understanding of the

nature of critical illness. Most importantly, these microcirculation studies have

revealed the disassociation between the macro and microcirculation, especially in

states of inflammation. These observations have provided valuable personalized

insight into critically ill patient. In this way, microcirculatory assessment is a

promising tool for the future that should be integrated with other bedside diagnostic

tools. It is anticipated that receiving such detailed information about the origin of

disease at the level of the microcirculation and its response to therapy will truly

allow personalized medicine to be practiced at the bedside.
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Figure legends:

Figure 1: Sublingual microcirculatory images obtained from IDF camara in Covid-19

patients. Panel A: Sublingual microcirculation with microthrombi (white arrow) and

leukocytes (black arrow). Panel B: Rolling leukocytes (black arrow). Panel C:

Space-time diagram showing the rolling leukocytes.

Figure 2: Steps of sublingual microcirculatory analysis obtained from the fully

automatic image analysis software (MicroTools).
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Bij isolatie patient: vernietigen
Bij non-isolatie patient: retour apotheek

Apotheek Erasmus MC

INTUBATIE MEDICATIESET

Houdbaar tot :30-06-2023

- 2x ampul 25 mg=5m| esketamine
- 2X wwsp 50mg=5m)| rocuronium

- Ix ampul 15 mg=3m| midazolam
- 1x flush 10ml NaC| 0,9%




Erasmus MC
2 ogan~o . : z
—/C: Intubatie checklist :

MATERIALEN
Luchitwegkar en evi AED
Zuig met yankauer
Ambu ballon op hoge flow (meer dan1 5L
Masker en guedel

2 laryngoscopen

2 maten tubes

Vvoerder en lidocaine spray

Larynxmasker

20cc cuff spuit

Bevestigingsmateriaal tube
Beademingsapparaat

Bougie

Videolaryngoscoop (handgreep+ voerder)

Teamleider
Intubator

Intubatie assistent } | Vast koppel
Medicatie toediening

PATIENT
Preoxygenatie 15L O2
Overweeg NIV/ Optiflow
Positionering
Luchtweg (kunstgebit. bloed. CM score)
Nuchterheid/ RSI
Hemodynamisch en respiratoire toestand
2 lopende infuzen

Inductie
Analgetica
Verslapping
Vasopressie
Onderhoud anesthesie

VIONITORING

ECG

NIBD/ artferieliin

Saturatie (juiste bron!)

EtC o2 op ambu masker

Saturatie geluid en alarmen actliveren

FAILED INTUBATION
Bespreek plan

Roep om hulp (staflid en/of **5503)
CICO set

POST INTUBATIE
Team Evaluatie
Cormack score invulien
X-thorax. beademing instellingen

SA 2019 v 1.2
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Once Upon a time: 4
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d Organ Support
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