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ABSTRACT

INTRODUCTION SARS-CoV-2 infection can produce
endothelial injury and microvascular damage, one cause of the
multiorgan failure associated with COVID-19. Cerebrovascular
endothelial damage increases the risk of stroke in COVID-19
patients, which makes prompt diagnosis important. Endothelial
dysfunction can be evaluated by using transcranial Doppler
ultrasound to study cerebral hemodynamic reserve, but there
are few of these studies in patients with COVID-19, and the
technique is not included in COVID-19 action and follow-up
guidelines nationally or internationally.

OBJECTIVE Estimate baseline cerebral hemodynamic
patterns, cerebral hemodynamic reserve, and breath-holding
index in recovered COVID-19 patients.

METHOD We conducted an exploratory study in 51 people;
27 men and 24 women 20-78 years of age, divided into
two groups. One group comprised 25 recovered COVID-19
patients, following clinical and epidemiological discharge, who
suffered differing degrees of disease severity, and who had
no neurological symptoms or disease at the time they were
incorporated into the study. The second group comprised
26 people who had not been diagnosed with COVID-19
and who tested negative by RT-PCR at the time of study
enrollment. Recovered patients were further divided into
two groups: those who had been asymptomatic or had mild
disease, and those who had severe or critical disease. We

INTRODUCTION

SARS-CoV-2 infects humans by binding its spike protein to
angiotensin-converting enzyme 2 (ACE2) receptors expressed
in lung, heart, kidney and intestinal cells, and in the vascular
tree’s endothelial cells. Direct or immune-mediated viral infection
results in endothelial and microvascular dysfunction, one cause of
multiple organ involvement in COVID-19.[1-2]

SARS-CoV-2 spreads via systemic circulation or by passing
through the cribriform plate of the ethmoid bone,[3] which
can affect brain tissue and result in neurological signs and
symptoms.[4,5]

IMPORTANCE Cerebral hemodynamic reserve, an expres-
sion of endothelial involvement, is altered in recovered
COVID-19 patients. This alteration, which increases stroke
risk, can be detected via transcranial Doppler ultrasound.

performed transcranial Doppler ultrasounds to obtain baseline
and post-apnea tests of cerebral hemodynamic patterns to
evaluate cerebral hemodynamic reserve and breath-holding
indices. We characterized the recovered patient group and the
control group through simple descriptive statistics (means and
standard deviations).

RESULTS There were no measurable differences in baseline
cerebral hemodynamics between the groups. However,
cerebral hemodynamic reserve and breath-holding index
were lower in those who had COVID-19 than among control
participants (19.9% vs. 36.8% and 0.7 vs. 1.2 respectively).
These variables were similar for patients who had
asymptomatic or mild disease (19.9% vs.19.8%) and for those
who had severe or critical disease (0.7 vs. 0.7).

CONCLUSIONS Patients recovered from SARS-CoV-2
infection showed decreased cerebral hemodynamic reserve
and breath-holding index regardless of the disease’s clinical
severity or presence of neurological symptoms. These
abnormalities may be associated with endothelial damage
caused by COVID-19. It would be useful to include transcranial
Doppler ultrasound in evaluation and follow-up protocols for
patients with COVID-19.
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Varga described multifocal microvascular lesions in the brain and
olfactory bulbs in patients who died of COVID-19, but did not find
direct viral infection of the brain tissue, so infection or inflammation
of the endothelium itself seems to be important.[1]

The cerebral microcirculatory damage that causes endotheliitis in
SARS-CoV-2 infection can be diagnosed at a patient’s bedside
by evaluating cerebral hemodynamic reserve (CHR) through
transcranial Doppler ultrasound. However, the technique is
not included in international or domestic action guidelines for
addressing acute SARS-CoV-2 infection or recovery, and research
on the matter is limited.

Transcranial Doppler ultrasound approximates cerebral
hemodynamic study by evaluating flow velocities circle of Willis
arteries.[6] The technique has proved a useful diagnostic tool
for patients with microvascular disease of different etiologies,
in which the cerebral hemodynamic reserve may be abnormal
even though the cerebral hemodynamic pattern is within normal
ranges. CHR is defined as the ability of arterioles and capillaries to
dilate in response to increased neuronal activity or to a metabolic
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or vasodilator stimulus,[7] which can include CO, inhalation,
acetazolamide administration, and the breath-holding test (BHT).
BHT consists of a period of voluntary apnea that causes cerebral
vasodilation by secondary increase of CO, levels.[8,9] The result
represents the percentage change of cerebral blood flow velocity
from baseline to maximum values. The inclusion of apnea time
with BHT more closely approximates CHR, defined as breath-
holding index (BHI).[8,10] The decrease in CHR has been linked
to greater probability of stroke.[8,11,12]

Considering that abnormalities in cerebral microcirculation can
be diagnosed with transcranial Doppler ultrasound, we propose
estimating baseline cerebral hemodynamic pattern, CHR and BHI
in recovered COVID-19 patients.

METHODS

General study design and sample screening The study universe
comprised 51 people, 27 men and 24 women aged 20-78 years,
divided into two groups. The first group included 25 participants
recovered from COVID-19, who had had different degrees of disease
severity and no neurological symptoms or disease at the time of
study enrollment. The second group included 26 healthy people
with no history of COVID-19, and with negative SARS-CoV-2 real-
time polymerase chain reaction (RT-PCR) tests at study enroliment;
participants in this group were recruited from the medical and nursing
staff of Havana’s Medical Surgical Research Center (CIMEQ).

We enrolled the group of recovered COVID-19 patients from those
who came in for follow-up visits, from Februrary through May
2021, two weeks through one month following hospital visits.
Patients were admitted to a medical center during their illness
with different degrees of COVID-19 clinical severity, as defined
by WHO,[13] and were treated according to the Cuban protocol.
[14] Participating patients were stratified into two groups: one
included asymptomatic patients and those who had mild forms of
the disease, and the other included those who had severe forms
of the disease.

Of the patients who had recovered from COVID-19, 14 had
asymptomatic infections (56%, 14/25), 7 had mild forms of the
disease (28%, 7/25), 2 had severe, and 2 had critical forms (16%,
4/25). Of the patients, 3 had experienced headache (12%, 3/25),
2 a decreased sense of smell (8%, 2/25), and 1 loss of taste (4%,
1/25). All were asymptomatic at the time the study was conducted.

The ages, distribution by sex, and comorbidities of the recovered
patients and control group are shown in Table 1.

Data acquisition and collection Transcranial Doppler ultrasound
(Doppler-Box X1, DWL, Germany) was performed to determine

Table 1: Study group demographics and medical history

Recovered Patients Control Participants

N 25 26
Age, mean (SD) 38.6 (14.7) 39.6 (11.8)
Female 7 17
Male 18 9
Hypertension 8 6
Diabetes mellitus 1 1
Bronchial asthma 3 1

baseline cerebral hemodynamic patterns and estimate cerebral
hemodynamic reserve through a BHT following completion of a
baseline exam. All studies were conducted by the same evaluator,
who has more than 10 years’experience in the technique.

Baseline recordings and BHTs were performed while the person
was lying in a supine position. Vessels were examined using a
2 MHz pulsed-wave Doppler transducer (DWL, Germany). Sample
volume of the studied vessel, and gain and selected power were
kept constant during the recording. We studied the right and left
middle cerebral arteries (MCA) through both temporal windows, at
depths of 45-55 mm. The values acquired in the MCAs were used
once a bilateral symmetrical pattern was confirmed. MCA blood
flow velocities were considered asymmetrical if the difference was
greater than 20%. Arterial flow (velocity and spectral waveform)
remained constant for at least 30 seconds before recording study
variable values.

We evaluated peak systolic velocity (PSV), end diastolic velocity
(EDV) and mean velocity (MV) in the baseline hemodynamic pattern.

Once a baseline pattern reading was established, participants were
instructed to stop breathing for 30 seconds after taking a normal
breath (to avoid a Valsalva maneuver). In the next 5-10 seconds,
we obtained the maximum values of the same hemodynamic
variables used in the baseline studies. If the participant could
not hold his or her breath for 30 seconds, the shortened breath-
holding time was recorded.

CHR evaluated by BHT was defined as the percentage increase
of post-apnea rMCAMYV, and was calculated as the increased
percentage of IMCAMV in apnea over baseline rMCAMV. There
are no national studies to provide reference values, so we used
a control group. Normal reported values differ in the international
literature because individual pCO, varies based on the condition
of the person being evaluated.[15]

BHI was calculated by dividing rMCAMV’s increased percentage,
averaged out in the time after breath-holding, by seconds of apnea
according to the following formula:

BHI = [(apnea rMCAMV - baseline rMCAMV) / (baseline
rMCAMV)] x 100] / 30 seconds (or seconds of apnea achieved).

Normal BHI value was established at 1.2 (SD 0.6).[10]

Statistical analysis We estimated the arithmetic means and
standard deviations (SD) of quantitative variables, and calculated
percentages for the qualitative variables.

Ethics We obtained written informed consent from participants.
We maintained patient confidentiality, following the Declaration of
Helsinki guidelines on research involving human subjects. Ethics
protocols were approved by the scientific and ethical advisory
board at the Medical-Surgical Research Center (CIMEQ) in
Havana, Cuba.

RESULTS

Baseline hemodynamic variable means were similar between
recovered COVID-19 patients and the control group. The post-apnea
hemodynamic pattern variables were lower in the recovered patient
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Table 2: Baseline and post-apnea cerebral hemodynamic pattern, cerebral hemodynamic reserve and breath-holding index, by study group

Variable Recovered Patients | Asymptomatic/Mild Severe/Critical Control Participants
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Baseline systolic velocity (cm/s) 78.1 (19.5)
Baseline diastolic velocity (cm/s) 39.4 (11,3)
Mean baseline velocity (cm/s) 52.3 (13.6)
Post-apnea systolic velocity (cm/s) 90.7 (23.5)
Post-apnea diastolic velocity (cm/s) 48.7 (14.5)
Mean post-apnea velocity (cm/s) 62.7 (17.1)
Cerebral hemodynamic reserve (%) 19.9 (13.2)
Breath-holding index 0.7 (0.4)

78.0 (18.8) 78.5 (26.1) 84.6 (18.6)
40.1(11.8) 36.0 (8.3) 43.4 (11.4)
52.7 (13.8) 50.2 (14.2) 57.2 (13.2)
91.0 (23.4) 89.3 (27.4) 112.9 (27.1)
49.5 (15.0) 44.9 (12.2) 60.4 (14.5)
63.3(17.6) 59.7 (16.3) 77.9 (18.5)
19.9 (11.9) 19.8 (21.1) 36.8 (14.7)

0.7 (0.4) 0.7 (0.7) 1.2 (0.5)

group, with lower systolic, diastolic and mean velocities. Mean CHR
and mean BHI were lower in recovered patients (Table 2).

Baseline cerebral hemodynamic pattern, post-apnea hemodynamic
pattern variables, CHR and BHI were similar in all recovered
patients, degree of disease severity notwithstanding (Table 2).

DISCUSSION
The endothelium corresponds with cerebral hemodynamic
vasoreactivity since the endothelium produces constricting and
relaxing factors, based on its integrity. Cerebral hemodynamic
reserve may be a marker of endothelial function in cerebral
arteries.[16,17]

Hypertensive patients <60 years of age, with no neurological signs
or symptoms, with mild white matter conditions diagnosed by MRI,
and in whom CHR was decreased, had a progressively higher risk
of symptomatic stroke and lacunar infarct chronic vascular lesions
than hypertensive patients of the same age with normal CHR.[18]

The endothelium has been called ‘the Achilles’ heel' of patients
with COVID-19.[19] Cytokines and proinflammatory mediators
shift endothelial functions from homeostasis to defense,[20] and
microvascular lesions found in the brain and olfactory bulbs in
patients who died from COVID-19 show that the virus infects brain
vessel endothelia and can cause abnormalities in vasoreactivity.[1]

Sonkaya[21] evaluated cerebral hemodynamics in 20 patients
hospitalized with COVID-19 who had neurological symptoms
(headache, seizures, stroke, alterations in consciousness,
ageusia, anosmia) and compared them with control participants.
Patients had higher mean MCA velocity and lower CHR—
evaluated by BHI with transcranial Doppler ultrasound—than
control participants. These results are consistent with ours, the
difference being that participants in our study had recovered and
did not have neurological symptoms.

Marcic[22] studied cerebral hemodynamics through color-coded
transcranial duplex ultrasound and estimated BHI in 25 patients
who had recovered from mild COVID-19 (according to WHO
classification), who were not hospitalized, and who came in for
a neurology visit due to neurological symptoms 28-50 days after
a negative SARS-CoV-2 RT-PCR. Patients had lower mean
MCA velocities and lower mean BHI values (related to CHR
abnormalities), compared with a healthy control group, which is
also consistent with our results.

Unlike other studies, ours included patients from the entire range
of COVID-19'’s clinical forms, several days after hospital discharge,

who had no neurological or cardiorespiratory symptoms during
CHR and BHI recordings. Therefore, the decrease in these
variables indicates that vascular abnormalities remained after the
acute phase of the disease had passed, that they continued to
exist even though the patients had no neurological manifestations,
and that these endothelial abnormalities occurred even with minor
damage caused by COVID-19.

As of this writing, there has been no report that the decline in CHR
and BHI in asymptomatic recovered patients or patients who had
recovered from mild forms of the disease is similar to the rates
in those with severe or critical forms of the disease. This is why
the findings reported in the previous paragraph are important and
constitute one of the main contributions of this research.

It is interesting to note the difference in baseline hemodynamic
patterns reported in other research with different study populations.
[21,22] In our research, the baseline hemodynamic pattern was
normal, and the abnormality was found by evaluating CHR. This
finding is consistent with cerebral microvasculature damage that
exists in different diseases, including COVID-19.[1,23]

CHR decline is an expression of the endothelial damage that
characterizes SARS-CoV-2 infection and is a warning sign of stroke
risk[8,11,12] even if patients were absent any neurological signs and
symptoms during the disease’s initial clinical presentation or during
their recovery period, regardless of COVID-19’s clinical severity.

Convenience sampling did not allow for an equal distribution of
patients by sex. Due to the epidemiological situation related to
COVID-19, we did not invite healthy individuals who would have to
come to the hospital center, possibly putting themselves at risk, to
participate in the study. Regarding sex and its influence on CHR,
some authors report that CHR is lower in women in response to
hypercapnia.[24,25]

Additional studies are needed to confirm these results, but the
limited research we do have suggests transcranial Doppler
ultrasound should be included for non-invasive neurological
monitoring in COVID-19 action protocols and patient studies.

CONCLUSION

Patients who have recovered from COVID-19 have CHR and BHI
impairment, regardless of initial infection severity and absence of
neurological symptoms. This impairment can be attributed to the
endothelial damage caused by the viral infection. We recommend
including transcranial Doppler ultrasound in treatment protocols
for recovering COVID-19 patients to alert providers to patients
with elevated risk of stroke. M-
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