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Microcirculatory Blood Flow as a New 7
Tool for Perioperative Fluid
Management

Daniel De Backer

Abstract

Microcirculatory alterations often occur in the perioperative setting under
the influence of multiple factors including hypovolemia, impaired cardiac
function, vasoplegia, anesthetic agents, surgical trauma, ischemia/reperfu-
sion injury and sepsis. The severity and duration of these alterations has been
related to the outcome of these patients. This systematic review will report to
which extend these microvascular abnormalities can be affected by fluid
administration.

Administration of fluids usually improves microvascular dysfunction by
increasing the perfused capillary density. Importantly, there is an important
variability among the patients. Timing of the intervention has a huge impact as
early interventions often led to an improved microvascular perfusion while
delayed intervention often fails to improve the microcirculation. Of note the
impact of fluids on the microcirculation is relatively dissociated form its sys-
temic effects and can thus not be predicted by changes in cardiac output or
blood pressure. Changes in lactate or in veno-arterial PCO2 gradients can be
useful to indirectly evaluate the microvascular effects of fluids. Even though
colloids are often associated with greater effects than crystalloids in experi-
mental settings, this has not been confirmed in patients. Finally the impact of
red blood cell transfusions is highly variable and may depend on the severity of
microvascular alterations at baseline.
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Introduction

Tissue perfusion is often altered in the perioperative setting, as a result of decreased
organ perfusion associated to low cardiac output and/or hypotension. However,
alterations in microvascular perfusion can also contribute to impaired tissue perfu-
sion and this has only recently been recognized. The severity and duration of these
alterations have been related to the development of perioperative organ dysfunc-
tion [1].

Fluids are administered in the perioperative setting hoping that the increase in
cardiac preload would result in an increased organ perfusion and in tissue perfusion.
As microvascular perfusion is relatively independent from systemic perfusion [2—
4], the impact of fluids on the microcirculation is not straightforward. We performed
a systemic review (Pubmed search April 2019 using the following keywords: fluids,
crystalloids, colloids, albumin, starches, hypertonic lactate, transfusions, microcir-
culation, microvascular, capillary) to discuss how fluids can influence microvascu-
lar perfusion.

Characterization of the Microvascular Alterations Observed
in the Perioperative Setting

Several types of microvascular alterations may occur in the perioperative setting
(Table 7.1). These are due to several factors including bleeding, impaired cardiac
function, infection, tissue trauma, ischemia/reperfusion injury which can influence
microvascular perfusion in different ways. Of note, multiple factors can of course
occur simultaneously and have, sometimes, opposing influences. Accordingly, the
incidence, nature, and severity of the microvascular alterations in the perioperative
setting will depend on the contribution of these different factors, in conjunction to
some predisposing factors related to the host such as advanced age, chronic

Table 7.1 Type of microvascular alteration according to the type of mechanisms

Mechanism Effector Microvascular alteration

Bleeding Low cardiac output leading | Homogeneous decreased perfusion in all
Cardiac to impaired organ perfusion | vessels + decreased vascular density
dysfunction

Vasoplegia Decreased perfusion

pressure leading to
impaired organ perfusion

Anesthetic 7 Decreased vascular density/stop flow in some
agents capillaries while others remain well perfused/
Sepsis Activation of inflammation | heterogeneity between areas

Tissue trauma | and coagulation pathways

Ischemia/

reperfusion

Several mechanisms can coincide
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cardiovascular diseases, diabetes, cirrhosis,...These factors will also affect the
microvascular response to fluids.

Hypovolemia (bleeding) and impaired cardiac function (either pre-existing or
induced by anesthetic agents or sepsis) may result in an impaired cardiac output
which directly alters perfusion to organs, and especially less vital organs such as
muscle, kidney and splanchnic region. Similarly, hypotension, as a result of
decreased vascular tone under the influence of anesthetic agents, sepsis or ischemia/
reperfusion injury, is also associated with blood flow redistribution among the
organs and also results in hypoperfusion of some organs. These alterations are
mostly characterized by a homogeneous decrease in perfusion in all microvascular
vessels including arterioles and capillaries. One can expect this type of alterations
to be sensitive to fluids, provided the heart is preload responsive, or alternatively to
inotropes and vasopressors.

Infection and sepsis are associated with activation of inflammation and coagula-
tion that result in diffuse endothelial dysfunction. Sepsis-associated alterations in
microvascular perfusion are characterized by a decrease in capillary density and
decreased proportion of perfused capillaries leading to heterogeneous tissue perfu-
sion [5-7]. In the perfused vessels flow is usually already quite high and often
excessive regarding to oxygen requirements of the perfused area. These kinds of
alterations generate pouches of hypoxia in close vicinity to excessively perfused
area, associated with explaining the high lactate levels and high venous oxygen
saturation. This process is not fixed, as capillary perfusion may change minute by
minute, and non-perfused capillaries suddenly become perfused and vice-versa. The
capacity of the microcirculation to react to stress conditions is completely blunted.
In opposition to normal conditions in which the microcirculation decreases its mini-
mal heterogeneity when submitted to hypovolemia, the heterogeneity further
increases in the septic microcirculation, leading to a mismatch between flow and
oxygen requirements [8].

Anesthesia, tissue trauma and ischemia/reperfusion injury are associated with
similar types of activation of the inflammatory cascade. Accordingly, microvascular
alterations similar as those described in sepsis are often encountered, even though
usually less severe. Anesthetic agents induce some microcirculatory alterations,
usually limited in intensity and rapidly resolving after cessation of the infusion of
the anesthetic agent [9]. In patients submitted to cardiac and non-cardiac surgery,
we demonstrated that microvascular alterations occur already at the onset of anes-
thesia, worsen during the surgical procedure and slowly recover afterwards [10].
The severity of these microvascular alterations was related to the type of surgery
and was associated with degree of organ dysfunction the day after surgery. In
patients with trauma, microvascular alterations were observed after hemodynamic
stabilization and their severity was related with organ dysfunction [11]. It is impor-
tant to realize that the combination of multiple kind of injuries (hypovolemia/
inflammation/hypoxemia) can further exacerbate these microvascular alterations. In
experimental conditions, the effects of hypovolemia combined with hypoxemia
generated more alterations to the intestinal microcirculation that any of these in
isolation [12].
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To improve these heterogeneous alterations, interventions should be able to
recruit the microcirculation rather than increasing flow in the already perfused
vessels.

The Risks of Fluid Administration for Microvascular Perfusion

The administration of asanguinous fluids carry the risk induced of hemodilution.
The impact of hemodilution on the microcirculation are quite variable. On one
hand hemodilution decreases blood oxygen carrying capacity, and this may impair
tissue oxygenation. On the other hand it also decreases viscosity which may have
opposing effects on microvascular perfusion, depending on the hematocrit level.
As resistance to flow is proportional to viscosity of the blood, a decrease in viscos-
ity can be associated with an increased red blood cell velocity. However, mainte-
nance of minimal level of viscosity is also needed to maintain microvessels open.
At high hematocrit levels, the decrease in viscosity is associated by a decreased
resistance to flow and hence improves perfusion especially at the capillary level
[13]. At low hematocrit, the decrease in viscosity may favor vessels collapse and
thus impair flow [14].

Due to the increased permeability, administration of fluids can also increase tis-
sue edema. While edema can theoretically increase diffusion distance for oxygen,
this effect is usually limited. More importantly, tissue edema may also increase
interstitial pressure, especially in the splanchnic organs. Even a minimal increase in
interstitial pressure can be associated with an impaired microvascular perfusion and
adhesions of white blood cell to the endothelium.

Finally, there is also a risk that fluids administration may impair tissue perfusion
by increasing venous pressure. Even though it was reported in one observational
trial that a high central venous pressure after fluid resuscitation was associated with
an impaired microvascular perfusion in patients with sepsis, it was difficult to sepa-
rate the impact of the severity of disease from the impact of increased back pressure
(as patients with more severe cardiovascular dysfunction also have higher CVP for
the same blood volume) [15].

Impact of Fluids on Microvascular Perfusion: What is
the Evidence?

Hypovolemia is associated with a decrease in microvascular perfusion. In patients
submitted to hemodialysis, fluid withdrawal was associated with microcirculatory
alterations that were more prominent in capillaries [16].

In experimental studies, fluid administration resulted in an improvement of
microvascular perfusion [17, 18]. In patients submitted to high risk surgery, admin-
istration of fluids improved microvascular reactivity [19]. A recent trial demon-
strated the simultaneous occurrence of indices of preload responsiveness and
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microvascular alterations in patients submitted to major abdominal surgery [20].
Furthermore, correction of hypovolemia improved microvascular perfusion in these
patients [20]. In patients with septic shock, fluids administration was usually associ-
ated with an improvement in the proportion of perfused capillaries resulting in an
increased perfused vascular density [21-24], even though some individual variabil-
ity in the response was observed. When microvascular perfusion increased, it also
decreased heterogeneity between areas [21] further indicating that the diffusive
component of the microcirculation markedly improved. It also resulted in a decrease
in veno-arterial and ear lobe tissue PCO2 gradients [25], which are indirect markers
of microvascular perfusion [26, 27].

As the response to fluids was somewhat variable, it is important to understand
what could be the factors predicting a positive microvascular response. One of the
factors may be the relative adequacy of the microcirculation at baseline, fluids being
more effective when microcirculation is more altered at baseline than when closer
to normal [23, 28]. Importantly, the microvascular response in these various studies
was often dissociated for the systemic response [21, 22, 24]. The improvement in
microvascular perfusion was observed in patients responding or not to fluid chal-
lenge by an increase in cardiac output or arterial pressure [21]. On the other hand,
patients increasing their cardiac output or blood pressure in response to fluid did not
always experienced an increase in microvascular perfusion. Of note, the magnitude
of the increase in microvascular perfusion was correlated with the magnitude of the
changes in lactate levels (Fig. 7.1), highlighting that microvascular perfusion is the
key determinant of tissue perfusion [21]. At the bedside, changes in lactate and
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Fig. 7.1 Relationship between changes in microvascular perfusion and changes in lactate levels.
Derived from Ospina et al. [21]
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veno-arterial PCO2 gradients can thus be used to indirectly evaluate the microvas-
cular response to fluids. Even more importantly, organ function improved the next
day in patients experiencing improvements in microvascular perfusion in response
to fluids but not in the others [23].

A positive response to fluids may be observed only at early stages of the dis-
ease. In experimental sepsis, fluid administration failed to improve the heteroge-
neity of blood flow distribution when given in a delayed fashion while these were
effective at earlier stages [29]. In patients with septic shock, fluids improved
microvascular perfusion when administered within 24 h of the onset of sepsis but
not after 48 h [21].

Finally, a large amount of fluid is probably not needed. In patients with sep-
tic shock, Pottecher et al. [20] showed that the first bolus of fluid improved
microvascular perfusion while the second bolus failed, even though it further
increased cardiac index. This seems to indicate that the impact of fluid may be
saturable.

Colloids Versus Crytalloids

There is an ongoing debate on whether colloids have a greater effect on the micro-
circulation compared to crystalloids. Theoretically, one may expect that crystalloids
may better preserve microvascular perfusion and limit capillary leak, potentially by
better preserving the glycocalyx [30-33].

In experimental studies, colloids often increase more significantly microvascular
perfusion compared to crystalloids both in ischemia reperfusion injury [33] and in
sepsis [17]. In addition, colloids also had a favorable impact on adhesion of white
blood cells and platelets to the endothelium [17, 33]. In humans, very few studies
compared the impact of colloids to crystalloids on the microcirculation. In 60
patients with septic shock, albumin and Ringer’s Lactate similarly improved the
sublingual microcirculation [21]. These results contrast with the findings of Dubin
et al. [34] who reported that hydroxyethystarch better preserved the sublingual
microcirculation of patients with septic shock compared to saline. Of note, the
microcirculation was not evaluated at baseline making difficult to differentiate a
positive impact of the type of fluid from an imbalance at baseline in this very small
series of patients. Another factor may be related to the comparator as the effects of
balanced crystalloids may differ from those of saline. In experimental sepsis, bal-
anced solutions ware associated with better preserved microcirculation compared to
saline [35]. Half molar lactate may even better protect the endothelium than saline
of similar osmolarity, resulting in a better preserved microcirculation [36].
Accordingly, experimental studies almost unanimously point out some beneficial
effects of colloids, and especially albumin, over crystalloids on microvascular per-
fusion, but it is difficult to ascertain that these differences can also be observed in
critically ill patients.
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Red Blood Cell Transfusions?

Red blood cell transfusions should always be considered as an alternative to asan-
guinous fluids in order to increase oxygen delivery to the tissues. The main diffi-
culty in predicting the potential impact of red blood cell transfusions is that
microvascular hematocrit is lower but not directly proportional to systemic hemato-
crit. The mandatory plasma layer of a few microns at the surface of endothelial
surface represents a greater proportion of vessel volume in small than in large ves-
sels, reported as Farheus effect (Fig. 7.2). In addition, the distribution of hematocrit
varies at bifurcations due to kinetic inertia of red blood cells: hematocrit is larger in
vessels with a small angles according to originating vessel than in vessels with a
larger angle [37] (Fig. 7.3).

While experimental studies often demonstrated an improvement in microvascu-
lar perfusion and tissue oxygenation with red blood cell transfusions [38, 39], their
effects are more variable in perioperative or septic patients [40—44]. In patients sub-
mitted to cardiac surgery, transfusions increased capillary density but not microvas-
cular flow [44]. In another series of postoperative patients the effects of transfusions
were more mitigated [43]. In patients with sepsis, there were no effect in most trials
[40, 42, 45] while some others found beneficial effects [41]. In patients with trauma,
transfusions also were associated with variable effects [46].

Obviously, there is a huge individual variability in the response to red blood cell
transfusions, as demonstrated in the trials that reported individual responses, with
markedly positive effect in some patients, absence of effects in others, and a mark-
edly negative effect in the remaining patients. The magnitude of the effect is far
above the intrinsic variability of the measurements. The direction of the effect may

10 pm
Hct 20%

50 pm 50 pm
Het 30% Hct 25%

Fig. 7.2 Microvascular hematocrit differs according to the size of the vessel. Due to a mandatory
plasma layer of a few microns at the surface of the endothelium, the microvascular hematocrit
decreases with vessel size
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depend on the severity of the underlying microcirculatory alterations at baseline,
with an improvement in microcirculatory perfusion and tissue oxygenation in
patients with alterations in these variables at baseline but also deterioration of these
in the patients who had less altered microcirculation variables at baseline [40, 42,
46]. The effects of transfusions on the microcirculation were not related to baseline
hemoglobin levels nor with the changes in systemic hemoglobin levels [40, 42].

Based on preclinical observations [38], it has been suggested that transfusions of
young red blood cells but not old red blood cell could improve the microcirculation.
In a limited size single centre randomized trial in postoperative patients, transfusion
of young red blood cells was associated with a greater improvement in microvascu-
lar perfusion than when red blood cells older than 3 weeks were transfused [43]. In
other trials, the age of red blood cells was not affecting the response to transfusions
in critically ill patients [45], after cardiac surgery [47] and in septic patients [40].
Hence, the impact of age of red blood cells on microvascular response remains
questionable. Of note this is in accordance with a large randomized clinical trial that
failed to demonstrate an impact of the age of red blood cells on outcome, including
on organ dysfunction [48].

How Can We Assess the Microcirculation at Bedside?

Videomicroscopic techniques use the reflection by deeper tissue layers to illuminate
the tissue to investigate, and several methods to discard the light reflected by super-
ficial layers. Orthogonal polarization spectral (OPS), Sidestream Dark-Field (SDF),
and Incident Dark-Field (IDF) are three imaging techniques that can easily be
applied at the bedside in critically ill patients. These techniques are mostly used to
study the sublingual area [21, 49], which is supposed to reflect other organs when
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diffuse alterations are observed, such as in sepsis [5], but may fail to track microcir-
culatory alterations that may occur to organs submitted to increased interstitial pres-
sure (such as in abdominal compartment syndrome). The use of this technique
requires some training and, more importantly, may be difficult to obtain in agitated
patients or in patients under noninvasive mechanical ventilation. Evaluation of the
microcirculation is often done by semi-quantitative scores [50] which are highly
reproducible and often more reliable than currently available semi-automated anal-
ysis software [51]. This semi-quantitative analysis can even be reliably performed
at bedside by trained nurses [52].

The microcirculation can also be indirectly evaluated. Tissue PCO2 and venoar-
terial PCO2 gradients are particularly attractive. Tissue PCO2 reflects the balance
between CO2 production (and thus metabolism) and perfusion, and therefore can be
used to indirectly evaluate tissue perfusion [27]. Tissue PCO2 can be measured by
contact probes at ear lobe or on the stomach (but gastric tonometry is no more avail-
able). Tissue PCO2 measurements can detect zones of impaired perfusion and/or
tissue hypoxia even when perfusion is heterogeneous, as the measured value reflects
the most abnormal value in the sampled volume. Venoarterial gradients in PCO2
(PvaCO2) can also be used to evaluate microvascular perfusion. In a series of 75
patients with septic shock in whom sublingual microcirculation and PvaCO2 were
measured, a PvaCO?2 value greater than 6 mmHg was associated with moderate
alterations in sublingual microcirculation and values above 10 mmHg were associ-
ated with very severe microvascular alterations. More importantly, changes PvaCO2
were inversely related with changes in microvascular perfusion [27). HencePvaCO2
measurements can thus be used to indirectly assess the microcirculation, especially
when venous oxygen saturation is normal.

Conclusions

Microvascular perfusion is often altered in patients in the perioperative period,
especially in high risk surgical patients and in the context of sepsis. Hypovolemia,
anesthesia and surgical trauma, in addition to a potential underlying infection, may
contribute to microvascular alterations, and hence in alterations in tissue perfusion
and oxygenation.

Fluids often improve microvascular perfusion if given early in the course of the
disease and this effect is somewhat dissociated form the systemic effects of fluids.
The advantage of colloids over crystalloids suggested in experimental studies has
not been demonstrated in critically ill patients. The effects of red blood cell transfu-
sions are highly variable and seem to be dependent on the alterations in microcircu-
lation at baseline.

Key Points

e Microvascular alterations frequently occur in the perioperative setting
 Fluids improve functional capillary density but this effect can be variable
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The microvascular effects of fluids cannot be predicted from their systemic effects
An improvement in microvascular perfusion after fluid administrations is associ-
ated with an improvement in organ function

The impact of red blood cell transfusions is highly variable
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