Capillary Leukocytes, Microaggregates, and the
Response to Hypoxemia in the Microcirculation
of Coronavirus Disease 2019 Patients

OBIJECTIVES: In this study, we hypothesized that coronavirus disease
2019 patients exhibit sublingual microcirculatory alterations caused by
inflammation, coagulopathy, and hypoxemia.

DESIGN: Multicenter case-controlled study.
SETTING: Two ICUs in The Netherlands and one in Switzerland.

PATIENTS: Thirty-four critically ill coronavirus disease 2019 patients were
compared with 33 healthy volunteers.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: The microcirculatory parame-
ters quantified included total vessel density (mm x mm=2), functional capillary
density (mm x mm™2), proportion of perfused vessels (%), capillary hematocrit
(%), the ratio of capillary hematocrit to systemic hematocrit, and capillary RBC
velocity (um x s7'). The number of leukocytes in capillary-postcapillary venule
units per 4-secondimage sequence (4 s™') and capillary RBC microaggregates
(4 s7')wasmeasured.Incomparisonwithhealthyvolunteers, themicrocirculation
of coronavirus disease 2019 patients showed increases in total vessel density
(22.8 + sd 5.1 vs 19.9 * 3.3; p < 0.0001) and functional capillary density
(22.2 + 4.8 vs 18.8 £ 3.1; p < 0.002), proportion of perfused vessel (97.6
+ 2.1 vs 94.6 + 6.5; p < 0.01), RBC velocity (362 + 48 vs 306 *+ 53;
p < 0.0001), capillary hematocrit (5.3 + 1.3 vs 4.7 + 0.8; p < 0.01), and
capillary-hematocrit-to-systemic-hematocrit ratio (0.18 = 0.0 vs 0.11 * 0.0;
p < 0.0001). These effects were present in coronavirus disease 2019
patients with Sequential Organ Failure Assessment scores less than 10 but
not in patients with Sequential Organ Failure Assessment scores greater
than or equal to 10. The numbers of leukocytes (17.6 *+ 6.7 vs 5.2 £ 2.3;
p < 0.0001) and RBC microaggregates (0.90 + 1.12 vs 0.06 * 0.24;
p < 0.0001) was higher in the microcirculation of the coronavirus disease
2019 patients. Receiver-operating-characteristics analysis of the microcircu-
latory parameters identified the number of microcirculatory leukocytes and the
capillary-hematocrit-to-systemic-hematocrit ratio as the most sensitive parame-
ters distinguishing coronavirus disease 2019 patients from healthy volunteers.

CONCLUSIONS: The response of the microcirculation to coronavirus
disease 2019-induced hypoxemia seems to be to increase its oxygen-
extraction capacity by increasing RBC availability. Inflammation and hyper-
coagulation are apparent in the microcirculation by increased numbers of
leukocytes and RBC microaggregates.
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Favaron et al

he coronavirus disease 2019 (COVID-
I 19) epidemic has brought a wide range of
challenges in intensive care medicine re-
lated to the understanding of its pathophysiology,
pathogenesis, immunology, and therapeutic res-
olution. Unresolved COVID-19 leads to acute
respiratory distress syndrome (ARDS)-induced
hypoxemia associated with a state of hyperinflam-
mation and procoagulation requiring intensive
care admission for invasive mechanical ventila-
tion as well as virus induced organ damage (1, 2).
COVID-19-induced ARDS, however, differs mark-
edly in its phenotype in comparison with the better
understood bacterial sepsis-induced ARDS although
there may be important similarities (3).

Endothelial cell dysfunction has been suggested
to be a central unifying event in the pathogenesis
of sepsis in general and in COVID-19 in particular
(4-8). Such endothelial cell injury may cause micro-
circulatory dysfunction, which could underlie the
deterioration of oxygen transport seen in COVID-
19. The importance to investigate the nature of mi-
crocirculatory alterations induced by COVID-19 has
been suggested (1, 9-11), although as yet not ade-
quately investigated.

Handheld vital microscopes used to investigate
the sublingual microcirculation of patients has iden-
tified microcirculatory alterations as a key event in
the states of critical illness (12). These have shown
a high sensitivity and specificity for identifying
the underlying pathophysiology and for predicting
outcome in septic shock patients independent of
changes in systemic hemodynamic variables (13-
15). Recently, we developed and clinically validated
an automatic image analysis platform for quanti-
tative analysis of microcirculatory hemodynamic
parameters (16, 17) and developed methodologies
to measure microcirculatory leukocyte-endothe-
lial interactions from sublingual microcirculatory
images (18, 19).

With these tools, we undertook a multicenter mi-
crocirculation study in COVID-19 ICU patients. We
formulated three hypotheses: 1) there are microcircu-
latory alterations in response to COVID-19-induced
ARDS, 2) there is an increased presence of leukocytes
in the microcirculation in response to inflammation,
and 3) there are RBC microthrombi due to coagulopa-
thy present in the microcirculation.
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MATERIALS AND METHODS

Inclusion of Patients

About 38 intensive care patients with ARDS associated
with COVID-19 were included in this study. The diag-
nosis of ARDS was confirmed according to the Berlin
criteria (20).

Sublingual microcirculation measurements were car-
ried out in patients following optimization of ventila-
tory and hemodynamic settings in centers including the
Department of Intensive Care, Erasmus Medical Center,
Rotterdam, The Netherlands; the Department of Intensive
Care, University Hospital of Zurich, Ziirich, Switzerland;
and Haga Hospital, The Hague, The Netherlands.

A group of 41 healthy volunteers (University
Hospital of Zurich) who participated in a previous
study (21) were included as a control group.

Microcirculatory Measurements

Sublingual microcirculatory measurements were per-
formed using handheld vital microscopes based on in-
cident dark field microscopy imaging (22) (Braedius
Medical, Huizen, The Netherlands) and automatically
analyzed by using full-frame analysis of the MicroTools
automatic software (Supplemental Table 1, http://
links.lww.com/CCM/G161; and Supplemental Fig.
1A, http://links.lww.com/CCM/G162 [legend, http://
links.Iww.com/CCM/G170]) (16,17) (Active Medical,
Leiden, The Netherlands). Microcirculatory leuco-
cytes and RBC microaggregates were analyzed using
spacetime diagrams (18, 19). These microcirculatory
methodologies are described in Supplemental text A
(http://links.lww.com/CCM/G160).

Statistics

Microcirculatory hemodynamics were compared be-
tween the COVID-19 patients and the volunteers using
linear mixed-model analysis (23, 24), a description of
which can be found in Supplemental text B (http://
links.lww.com/CCM/G163).

Ethics Approval

In Rotterdam and The Hague, the microcirculation
measurements were approved by the ethics protocol
MEC2018-1572. In Ziirich, the ethics protocol was
approved under BASEC-1D2020-00646.
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RESULTS

Sublingual microcirculation measurements were
collected at the three institutions with 38 COVID-
19 patients and compared with a cohort of 41
healthy volunteers from a previous study (25). For
each patient, a measurement was made at the dis-
cretion of the intensivist at a time point where
ventilatory and circulatory parameters were op-
timally adjusted. Four patients and eight volun-
teers did not meet the quality criteria and were
excluded from the study. The number of recordings
that met the quality inclusion criteria for measure-
ments is summarized in Supplemental Table 2
(http://links.lww.com/CCM/G164).

Clinical Demographics

All patients included in the study had a confirmed
severe acute respiratory syndrome coronavirus 2 in-
fection with moderate-to-severe ARDS and were in-
vasively mechanically ventilated. The mean age of the
COVID-19 patients was 59.18 + 11.7 years. About 27%
of the patients died in intensive care. The characteris-
tics, physiologic status, management, and outcome of
the patients and the physiologic properties of the vol-
unteers can be found in Supplemental Table 3 (http://
links.Iww.com/CCM/G165).

Systemic and Microhemodynamics

The mean arterial pressure was similar between the
COVID-19 patients and the healthy volunteers but
their heart rate (HR) was significantly higher (Fig. 1,
C and D). The systemic hemoglobin concentration
and systemic hematocrit (sHct) were significantly

lower in COVID-19 patients than in volunteers
(Fig. 1, A and B).

The COVID-19 patients were considered as hypox-
emic, as indicated by their Pao, values (69 + 12mm
Hg) and mean oxygenation index (Pao,/F1o, = 149 +
65mm Hg). Other clinical variables can be found in
Supplemental Table 3 (http://links.Iww.com/CCM/
G165).

Quantitative analysis of images to identify altera-
tions in microcirculatory hemodynamics was carried
out using MicroTools (Supplemental Table 1, http://
links.lww.com/CCM/G161) (Fig. 2). The COVID-19
patients showed a higher total vessel density (TVD) and
tunctional capillary density (FCD) than the volunteers
(Fig. 2B). The proportion of perfused vessel (PPV) in
the COVID-19 patients and volunteers, however, was
similarly close to 100% (Fig. 2C).

An important finding was that, despite a lower
sHct, capillary hematocrit (cHct) was higher
in the COVID-19 patients than in volunteers
(Supplemental Table 4, http://links.lww.com/CCM/
G166), resulting in a significantly higher cHct/sHct
ratio in the COVID-19 patients than in the volun-
teers indicating a shift of the RBC mass from the sys-
temic circulation to the microcirculation (Fig. 2A).
Furthermore, COVID-19 patients exhibited signifi-
cantly higher RBC velocity (RBCv) than the volun-
teers (Fig. 2D).

Receiver-operating-curve (ROC) analysis was used
to identify microcirculatory hemodynamic parameters
with the highest specificity and sensitivity for distin-
guishing COVID-19 patients from healthy volunteers.
Results showed that RBCv and cHct/sHct were the
most sensitive parameters in identifying COVID-19
patients (Fig. 2E).

COVID-19 Volunteers
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Figure 1. The coronavirus disease 2019 (COVID-19) patients had a lower hemoglobin (Hb) (A) and systemic hematocrit (sHct) (B) and
a higher heart rate (HR) (C) than volunteers. D, The mean arterial pressure (MAP) in the COVID-19 patients and volunteers was similar.
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Figure 2. Analysis of the microhemodynamics of the coronavirus disease 2019 (COVID-19) patients in comparison with those of the
volunteers, COVID-19 patients had higher ratio capillary-to-systemic hematocrit (cHct/sHct) ratio (A) than in volunteers and higher
functional capillary density (FCD) (B) than the volunteers. C, There was no evidence of plugged vessels in the COVID-19 patients as
evidenced by a proportion of perfused vessel (PPV) > 94% in both groups. D, RBC velocity (RBCv) was significantly higher in COVID-
19 patients than in the volunteers. E, Receiver-operating-characteristic curve analysis of the different microcirculatory hemodynamic
parameters identifies cHct/sHct and RBCv as the parameters with the highest specificity and sensitivity for distinguishing the COVID-19

patients from the healthy volunteers. AUC = area under the curve.

Systemic Inflammation and Leukocytes in the
Microcirculation

COVID-19 patients showed inflammatory activation
with elevated C-reactive protein (176.9 + 115.7 mg x L)
and procalcitonin (median of 0.9 [0.3-2.6] pg x L) lev-
els. In a portion of the patients, interleukin-6 (n = 20) was
measured higher than reference values. Furthermore, a
significant increase inleukocyte count was found in drawn
blood samples (13.16 + 5.09 x 10° L) (Supplemental
Table 3, http://links.Iww.com/CCM/G165). No such
measurements were performed in volunteers.
Spacetime-diagram analysis (18) (Fig. 3B) of cap-
illary-postcapillary venule units (Supplemental Fig.
1B, http://links.Iww.com/CCM/G162 [legend, http://
links.lww.com/CCM/G170]; and Fig. 3A) showed a
significantly higher microcirculatory leukocyte num-
bers in COVID-19 patients than in volunteers (for
moving images, see Supplemental Video 1, http://
links.lww.com/CCM/G167; Supplemental Video 2,
http://links.lww.com/CCM/G168; and Supplemental
Video 3, http://linksIww.com/CCM/G169 [legend,
http://links.lww.com/CCM/G170]) (Fig. 3C).
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Coagulation and Microaggregates in the
Microcirculation

The hypercoagulable state of COVID-19 patients was
reflected by raised p-dimer concentration levels (2.5
[1.2-4.5) mg x L™). In the microcirculation of 22 of
the 34 COVID-19 patients, RBC microaggregates
quantified using spacetime-diagram analysis (Fig. 4D)
were observed (Fig. 4C; for moving images, see
Supplemental Video 1, http://links.Iww.com/CCM/
G167; Supplemental Video 2, http://links.lww.com/
CCM/G168; and Supplemental Video 3, http://links.
Iww.com/CCM/G169 [legend, http://links.Iww.com/
CCM/G170]). Microaggregates were found in only
two of the 33 volunteers. In three patients, microag-
gregates obstructing capillary flow were observed. No
such obstructions were observed in the volunteers.
ROC curveanalysis comparing COVID-19 patients with
healthy volunteers identified RBCv and cHct/sHct ratio
in combination with raised leukocyte and RBC microag-
gregate numbers as the microcirculatory parameters with
the highest specificity and sensitivity for distinguishing
COVID-19 patients from the volunteers (Fig. 4B).

April 2021 « Volume 49 * Number 4


http://links.lww.com/CCM/G165
http://links.lww.com/CCM/G162
http://links.lww.com/CCM/G170
http://links.lww.com/CCM/G170
http://links.lww.com/CCM/G167
http://links.lww.com/CCM/G167
http://links.lww.com/CCM/G168
http://links.lww.com/CCM/G169
http://links.lww.com/CCM/G170
http://links.lww.com/CCM/G167
http://links.lww.com/CCM/G167
http://links.lww.com/CCM/G168
http://links.lww.com/CCM/G168
http://links.lww.com/CCM/G169
http://links.lww.com/CCM/G169
http://links.lww.com/CCM/G170
http://links.lww.com/CCM/G170

Clinical Investigations

N W

Leukocytes [4s'1]
—t B
o o o o o
| | ] ]

Sequential Organ Failure
Assessment (SOFA) scores
(< 10 vs = 10). No depend-
ency of microcirculatory
alterations was found on
Pao /Fio, or on ICU days
(data not shown). However,
we found that the ability of
the microcirculation to in-
crease its cHct/sHct ratio
and FCD was only present
in patients whose SOFA
scores was less than 10,
whereas those patients with
higher SOFA did not ex-
hibit this microcirculatory
adaptive response associ-
ated with increased oxy-
gen-extraction capacity. In
addition, the patients with
higher SOFA scores exhib-
ited higher levels of leuko-
cytes and microaggregates
(Table 1).

DISCUSSION

This multicenter study
reports, to our knowledge,
the first direct observation
of recruitment of the mi-
crocirculation  (increased

COVID-19 Volunteers

vessel and FCD), increased
capillary Hct, and large
numbers microcirculatory

Figure 3. Microcirculatory leukocytes in coronavirus disease 2019 (COVID-19) patients.

A, Examples of leukocytes present in the microcirculation are shown. B, Presence of leukocytes
can be seen in a space time diagram as slanted white lines as they travel down the length of the
a capillary (y-axis) over time (x-axis). The number of such white lines per 4-s clip is used to
calculate the number of leukocytes. The dark slanted lines measure the presence of the RBC
lines. The slopes of these lines are used to calculate RBC velocities. C, The total number of
leukocytes measured in capillary-postcapillary venule units shows that there are significantly more
microcirculatory leukocytes in the COVID-19 patients than in the volunteers.

To investigate whether these microcirculatory altera-
tions were related to the clinical variables, we investi-
gated the dependency of microcirculatory alterations on
Pao,/F10, ratio (= 150 vs < 150mm Hg), on days from
ICU admission to inclusion (< 7 vs > 7d ICU), and on

Critical Care Medicine

of leukocytes and RBC
aggregates as a result of
microhemodynamic
response to hypoxemia,
hyperinflammation, and
hypercoagulation in the
sublingual microcir-
culation of COVID-19
patients. The COVID-19 patients showed elevated
values of TVD, FCD, RBCv, cHct, and cHct/sHct ratio
in the presence of almost 100% perfused vessel density
in comparison with the microcirculatory parameters
of the volunteers. ROC curve analysis identified that a

www.ccmjournal.org 665
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Figure 4. Microaggregates in coronavirus disease 2019 (COVID-19)
patients. A, An example of a plugged vessel with microaggregates.

B, Receiver-operating-characteristic curve analysis of the number of
leukocytes, RBC microaggregate, the capillary-to-systemic hematocrit
(cHct/sHct) ratio, and RBC velocity (RBCv) show that the number

of leukocytes, cHct/sHct, and RBCv show the highest sensitivity

and specificity for distinguishing COVID-19 patients from volunteers.
C, The raised number of microaggregates measured in the image
segments of the COVID-19 patients was much higher than that found
in the volunteers. D, Presence of an RBC microaggregate as a dark
thick band in the space time diagram indicative of RBC clumping in
this capillary vessel. AUC = area under the curve.
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combination of cHct/sHct ratio, RBCv, and leukocyte
count provided the most sensitive and specific param-
eters for distinguishing COVID-19 patients from
healthy volunteers.

The increase in FCD, cHct, and cHct/sHct ratio
found in the COVID-19 patients is consistent with
the action of a microcirculatory compensatory mech-
anism to increase oxygen extraction in reaction to
the COVID-19-induced hypoxemia in the presence
of hyperinflammatory and hypercoagulatory states.
Despite the presence of RBC microaggregates in the
COVID-19 patients, a little to no obstructions of capil-
laries associated with a reduction in FCD such as seen
in bacterial septic patients were observed (13-15).
Systemic hemodynamic variables showed normal
blood pressure values with slightly elevated lactate lev-
els, but with high HR values and low systemic hemo-
globin and Hct values despite the presence of ARDS
with clear signs of a hypercoagulation state and raised
systemic leukocyte counts. Of specific interest was the
finding that the most severely ill patients with SOFA
scores exceeding 10 had lost the ability of the micro-
circulation to increase its microcirculatory oxygen-
extraction capacity by increasing its FCD and cHct as
an adaptive response to hypoxemia. In addition, the
patients with the higher SOFA scores also had higher
levels of microcirculatory leukocytes and microaggre-
gates in comparison with the COVID-19 patients with
SOFA score was less than 10.

The increased TVD, FCD, cHct, and cHct/sHct, in
the presence of an almost 100% perfused vessel density,
were an important characteristic finding regarding the
microcirculatory response to COVID-19. Under rest-
ing physiologic conditions, 30% of microvessels are
not filled with RBCs and can be recruited under condi-
tions of enhanced oxygen requirements. Our finding of
an elevated FCD, increased RBCv, and a shift in RBCs
from the systemic circulation to the microcirculation
suggests the presence of an activated microcircula-
tory reserve capacity in response to hypoxemia, which
can be identified by sublingual application of topical
nitroglycerine (21). This physiologic compensatory re-
action to increase the oxygen-extraction capacity by
decreasing diffusion distances between the capillar-
ies (increased TVD) and increasing convection of the
RBCs seems to be intact in COVID-19 patients with
SOFA scores less than 10 but not in patients with SOFA
greater than or equal to 10. Similar microcirculatory

April 2021 « Volume 49 * Number 4
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TABLE 1.

Functional Parameters of the Microcirculation in Critically Ill Coronavirus Disease 2019
Patients Are Dependent on the Severity of Disease

COVID-19 Patients

COVID-19 COVID-19 Healthy
Overall Patients, SOFA Patients, SOFA Volunteers

Microcirculatory (n=34 <10(n=22 =210(n=12 (n=33
Parameters Patients) Patients) Patients) Patients) Ppsease stare
Total vessel density (mm mm™) 22.8 £5.1 23.6 £5.3 208+4.2 20.0+£33 <0.001 0.02
Functional capillary density (nm mm™2) 22.2 +4.8 22.95+4.96 20.31+3.98 189+3.2 <0.0001 0.02
Proportion of perfused vessels (%)  97.6 + 2.1 098+ 0.02 0.98x0.02 0.95+0.06 0.02 0.94
RBC velocity (um s™) 362 + 48 356 + 50 376 £40 306t53 <0.0001 0.29
Capillary hematocrit (%) 53+1.3 556+1.3 48+08 47+08 <0.01 0.02
Capillary-to-systemic hematocrit ratio (1) 0.18 +0.0 0.18 £0.04 0.17+£0.04 0.11 £0.0 <0.0001 0.57
Leukocytes (4s7") 176 £ 6.7 16.5+6.2 19.6 £ 75 5.2+2.3 <0.0001 0.09
Microaggregates (4s™") 090+1.12 080%x0.87 1.12%1.51 0.00£0.00 <0.0001 0.28

SOFA = Sequential Organ Failure Assessment score.

Data are presented as the mean =+ sb. p values are given for linear mixed-model analysis with disease state and SOFA subgroups as
fixed effects and individual per-patient random slopes as random effects. Overall differences between the coronavirus disease 2019
patients and healthy volunteers are represented by ppcqaqe srare @Nd Were evaluated using a likelihood ratio test of the full model versus a
partial model disregarding disease state as the effect in question. Subgroup analysis to determine individual effects of patients with high
or low SOFA scores is represented by pg,., and was calculated using Satterthwaite approximation.

compensatory mechanisms havebeen reported in high-
altitude microcirculation studies in the Himalayas,
where hypoxia also increased sublingual (25) and la-
bial frenulum (26) microcirculatory TVD. The present
findings of increases in TVD, RBCv, cHct, and cHct/
sHct-ratio have previously also been shown to occur in
early animal experiments studying the response of the
microcirculation to hypoxia (27, 28). At high altitude,
subjects have a surprising ability to cope with quite low
levels of oxygen (arterial oxygen pressures of 24 mm
Hg at the summit of Mount Everest) (29). The similar
ability of COVID-19 patients to cope with low levels of
arterial Po, has even led to the use of the term “happy
hypoxia” to describe this phenomenon (30). That such
low levels of oxygen that can be tolerated in COVID-
19-induced ARDS could be explained by our findings
of an intact microcirculatory regulatory and respira-
tory system that is able to increase the oxygen-extrac-
tion capacity of the microcirculation by decreasing
diffusion distances between the capillaries (increased
TVD) and increasing convection of the RBCs.

Critical Care Medicine

COVID-19 patients were fluid-positive and had low
levels of systemic hemoglobin and Hct. Although we
interpreted these effects to be in response to hypoxia,
they could also have been caused by iatrogenic hemo-
dilution. However, if these low systemic hemoglobin
values were due to hemodilution, a parallel decrease in
TVD would have been expected as shown in cardiac
surgery patients undergoing hemodilution (31).

The compensatory response of the microcirculation
to hypoxemia found here in COVID-19 sepsis has not
been described in earlier sublingual microcirculatory
studies in conventional sepsis. Here, without excep-
tion, TVD, PPV, FCD, and microcirculatory flow were
found to be reduced, explaining the oxygen-extraction
deficit characteristic of these forms of sepsis (13, 14,
32). In a recent sublingual microcirculatory study in
septic ARDS patients having 24-hour Pao,/F10, ratios
(173mm Hg) (33) similar to those in our COVID-19
ARDS patients (149 mm Hg), a 25% reduced micro-
circulatory flow and a reduced PPV were found. This
is in contrast to our COVID-19 ARDS patients who

667
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showed increased microcirculatory flow as well as
increased FCD with 100% perfused vessels. In addi-
tion, the microcirculatory response to COVID-19 may
also be different in other types of viral sepsis. This is
suggested by an earlier sublingual microcirculation
study in HIN1-induced viral sepsis that demonstrated
reduced microcirculatory RBC flow and PPV (34),
unlike the COVID-19-induced viral sepsis described
in this study.

This is the first report of the finding of large numbers
of leukocytes in the microcirculation of COVID-19
patients. The presence of microcirculatory leukocytes
and RBC microaggregates is in parallel with increased
levels of leukocytes, enhanced levels of prothrom-
botic markers, and raised inflammatory biomarkers
obtained from blood samples. In contrast to the mi-
crocirculatory function parameters that indicate ad-
aptation to hypoxemia, these changes are most likely
related to virus-induced inflammation and hyper-
coagulability. In a previous brief communication re-
porting sublingual microcirculation in a series of 12
COVID-19 patients, an inverse relation between TVD
and Dp-dimer values was found, an effect that we did
not find (35). This study also found a reduced perfused
vessel density in the COVID-19 patients, an effect we
also did not find.

Microcirculatory RBC aggregates are a rare occur-
rence with only a case study being reported, where
these were elicited by the administration of protamine
following cardiac surgery (19). Those such RBC micro-
aggregates can obstruct capillaries in COVID-19 were
seen in only three cases in the present cohort.

Limitations in our study are several-fold. It may be
that the sublingual microcirculatory alterations do
not reflect that of other organs such as the lung. This
could be quite likely as the lung microcirculation is
probably more compromised than the sublingual mi-
crocirculation, explaining the reduced oxygen-extrac-
tion capacity of the lung causing arterial hypoxemia.
In addition, other mechanisms than an adaptive re-
sponse of the microcirculation to hypoxemia could
explain the observed increase in FCD and cHct seen
in the COVID patients. Those such alterations could
instead be associated with microcirculatory dam-
age associated with COVID-19 infections cannot be
excluded. For example, capillary leak of plasma asso-
ciated with vascular barrier dysfunction could also re-
sult in an increase in cHct. However, there was not
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much evidence of tissue edema in our patients such
as a high positive fluid balance or high central venous
pressure. An increase in FCD could also be caused by
an increase in blood viscosity because of increased
number of leukocytes. However, such an effect could
not explain the increase in cHct observed. The obser-
vation that in high SOFA score patients, the increases
in FCD and cHct are absent that would support our
explanation that the microcirculatory response to
COVID-19 seen in the lower SOFA score patients may
be the result of the presence of an intact compensatory
response to hypoxemia. A further limitation of our
study may be that a more appropriate control group
would have been a group of COVID-19-negative
patients suffering from ARDS. However, at the time of
the measurements, due to the overwhelming presence
of COVID-19 patients in our ICUs, we did not have
such a control group.

A further limitation of our study may be the hetero-
geneity regarding the timing (days since diagnosis/ICU
admission) of measurement. Additionally, biomarker
investigations aimed at endothelial dysfunction and
glycocalyx degradation may have provided additional
information about the effects of inflammation on en-
dothelial cell function. In our study, we had hoped to
identify abnormal leukocyte kinetics indicative of such
endothelialinjury (4) as we had identified in the states of
inflammation during cardiac surgeryandsepsis (19,32).
However, the high RBCv in the microcirculation pre-
cluded the observation of such kinetics.

CONCLUSIONS

This study identified several microcirculatory altera-
tions associated with the inflammatory response and
hypoxemia found in COVID-19 patients. The increase
in oxygen-extraction capacity of the microcirculation
of the COVID-19 patients by its increase in its FCD
in parallel with an increase in cHct was similar to that
which occurs in healthy individuals during exposure to
hypoxia at high altitude. Our results also showed that the
microcirculation exhibited increases in leukocytes and
microaggregates in parallel with those in the systemic
circulation. In summary, quantitative measurement
of the response of the microcirculation to COVID-19
may provide an additional patient-friendly noninvasive
measurement directed at understanding the physiologic
response of the patient to COVID-19 and monitoring
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the response to therapy. Future studies should be con-
ducted to investigate the response of the microcircu-
lation to new therapies such as anti-inflammatory and
anticoagulant therapies, especially in the COVID-19
patients with high SOFA scores.
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