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Abstract: Background There is a considerable overlap between clinical presentation of post-COVID-19
condition (PCC)and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) . Many of their common
symptoms can be linked to dysregulation of the autonomic nervous system (dysautonomia). This study aimed
to objectively assess autonomic function in patients with PCC and in patients with ME/CES whose disease was
not related to COVID-19. Methods Synchronous recordings of an electrocardiogram, continuous dynamics of
blood pressure in the digital artery using the Penaz method and ultrasound pneumotachography with the
spirography function were obtained with spiroarteriocardiorhythmography method in 34 patients diagnosed
with ME/CFS, in whom the onset of the disease was not associated with COVID-19, 29 patients meeting PCC
definition and 32 healthy controls. Heart rate variability (HRV), systolic and diastolic blood pressure variability
(RV), respiration variability were assessed at rest and in tests with fixed respiratory rates. At rest, indicators of
baroreflex regulation were additionally determined (baroreflex effectiveness index and baroreflex sensitivity).
Results The total power, power of very low frequency, low-frequency and high-frequency of RR interval
variability at rest as well as baroreflex effectiveness index in up-ramps of arterial blood pressure and baroreflex
sensitivity were significantly lower both in PCC and ME/CFS patients compared to HC. Several diagnostic
prediction models for ME/CFS were developed based on HRV parameters. During slow breathing HRV
parameters return to normal in PCC, but not in ME/CFS. Correlation analysis revealed a close relationship of
HRYV, RV parameters and baroreflex sensitivity with fatigue, but not with HADS depressive/anxiety symptoms
in ME/CFS and PCC. Conclusions A similar pattern of HRV and baroreflex failure with signs of a pathological
acceleration of age-dependant dysautonomia was identified in ME/CFS and PCC. The clinical, diagnostic and
therapeutic implications of these findings are discussed, in light of previously described relationship between
inflammation, vascular pathology, atherosclerotic cardiovascular disease and autonomic dysfunction.

Keywords: chronic fatigue syndrome; COVID-19; Post-COVID; heart rate variability; autonomic
dysfunction

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CEFS) is a debilitating disease that is
characterized by persistent fatigue and exertional intolerance with disproportionate worsening after
physical or cognitive exertion[1]. This marked and prolonged exacerbation of symptoms of ME/CFS
is termed post-exertional malaise and may last several days. Other key symptoms include
unrefreshing sleep, cognitive impairment, orthostatic intolerance, and pain, including muscle and
joint pain and headaches. The symptoms are persistent or recurrent over long periods of time and
lead to a significant reduction in previous levels of functioning. Diagnosis is clinical, owing to the
absence of biomarkers, and based on detailed clinical history and physical examination by a
competent clinician[2]. Up to 75% of people with ME/CFES cannot work full-time and 25% have severe
ME/CEFS, which often means they are bed-bound, have extreme sensitivity to sensory input and are
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dependent on others for care. ME/CEFS is classified as a chronic neurologic disease and there is a vast
collection of biomedical findings regarding this condition, although these are not well known to
researchers and clinicians in other fields[3]. The disease in 49-93% of cases is preceded by
infection[4]There has been increased interest in ME/CFS recently because of its significant overlap
with the post-COVID-19 condition (PCC, also known as long COVID/post-COVID syndrome), with
several studies estimating that 58% of patients with PCC fulfill ME/CFS criteria[5]. PCC was officially
recognised by WHO in October 2021, and a clinical case definition was developed in a Delphi process.
According to this definition, “post-COVID-19 condition occurs in individuals with a history of
probable or confirmed SARS-CoV-2 infection, usually 3 months from the onset, with symptoms that
last for at least 2 months and cannot be explained by an alternative diagnosis. Common symptoms
include, but are not limited to, fatigue, shortness of breath, and cognitive dysfunction, and generally
have an impact on everyday functioning. Symptoms might be new onset following initial recovery
from an acute COVID-19 episode or persist from the initial illness. Symptoms might also fluctuate or
relapse over time”[6]. There is evidence for a close relationships between ME/CFS and PCC
regarding the key mechanisms (neuroinflammation, dysautonomia and vascular pathology). In
particular, as summarized by Komaroff and Lipkin[7] autonomic dysfunction have been well
documented in both ME/CFS and PCC. Significant platelet hyperactivity and endothelial dysfunction
as well as circulatory disorders were documented both in PCC and ME/CFS, although in PCC
possible pro-atherogenic evidences were registered [8], while in ME/CFS (also related to viral
etiology) the circulatory disorders look like non-atherosclerotic cardiological disease and “it seems
that neurological (autonomic) dysfunction underlies these abnormalities”[9]. Abnormalities of both
the sympathetic and parasympathetic arms of the autonomic nervous system have been reported,
with the imbalance favoring expression of the sympathetic system. However, to the best of our
knowledge there is no studies which compare ME/CFS and PCC in terms of the objective
parameters of autonomic dysfunction.

2. Materials and Methods

2.1. Participants

In this study three group of subjects were involved (34 patients with ME/CFS, that was not
related to COVID-19; 29 patients with PCC; 32 healthy controls (HC)). Patients with ME/CFS were
included in the study if they met all three of the most commonly used sets of ME/CFS diagnostic
criteria (Fukuda et al. (1994) CFS criteria[10], the Canadian Consensus criteria of ME/CFS (2003) [1],
and US Institute of Medicine, now called the National Academy of Medicine IOM/NAM) criteria
(2015) [11]). The details of the diagnostic processes can be found in the literature [2]. The diagnosis of
PCC was defined based on the WHO criteria [6]. Age- and sex-matched HC who denied chronic
fatigue were recruited through word-of-mouth from the local community. The common exclusion
criteria for all groups were as follows: age of <18 or >60 years; cardiac arrhythmias; structural heart
diseases; current usage of beta-blockers; any acute illness during the last month before the study. The
study was approved by the biomedical Ethics Committee of I.P. Pavlov First Saint Petersburg State
Medical University. All participants gave informed consent.

2.2. Measures

2.2.1. Symptom Assessment Tools

The Multidimensional Fatigue Inventory (MFI) and Hospital Anxiety and Depression Scale
(HADS) were used to assess symptoms in all participants. The MFI comprises a 20-item self-reported
questionnaire focused on general, physical and mental fatigue, reduced activity, and reduced
motivation[12]. HADS is a reliable scale for identifying and assessing the symptom severity in anxiety
disorders and depression, both in patients with somatic diseases and in patients with mental
disorders[13]. The score 0-7 for each subscale (depression and anxiety symptoms) indicated “normal
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results”; 8-10—“borderline results, or doubtful case of anxiety/depression”; 11 or more—“probable
case of anxiety/depression”.

2.2.2. Assessment of Autonomic Nervous System Function

The  integrated  method of  studying the  cardiorespiratory  system -
spiroarteriocardiorhythmography (SACR) ("Intox", Russia) - was applied to analyse heart rate
variablitiy (HRV), arterial blood pressure variability (BPV) and respiratory pattern. This device was
recommended for use in medical practice by the Ministry of Health of Russia (registration certificate
No 29/03020703/5869-04) and combines three physiological methods into an integrated hardware
complex. R-R interval data was recorded using a three-lead electrocardiogram (Lead I configuration).
HRYV was analyzed applying a simple Fourier transform, obtaining a spectrum distribution curve of
the frequency changes in heart rate. The total power of HRV was calculated (TP), as well as three
standard components of the spectrum: very low-frequency oscillations (HRV_VLF, 0-0,04 Hz), low-
frequency oscillations (HRV_LF, 0,04-0,15 Hz) and high-frequency oscillations (HRV_HF, 0,15-0,4
Hz). Beat-to-beat blood pressure was collected using the Penaz’s method with the finger cuff placed
around the left middle finger. Similarly to HRV, the total power of the spectrum of systolic (SBPV_TP,
mmHg? ) and diastolic (DBPV_TP, mmHg2) blood pressure and their frequency components were
calculated.The ultrasonic sensor of the SACR device allows to measure flows of air on inspiration and
expiration and to define the average parameters of a respiration pattern and calculate the parameters
of respiration variability (RV): total power of respiration (RV_TP, (Lxmin-1)2), respiration power in
the very low-frequency range (RV_VLF (Lxmin-1)2), respiration power in the low-frequency range
(RV_LF (Lxmin-1)2) and respiration power in the high frequency range (RV_HF (Lxmin-1)2)[14]

Subjects were tested in a quiet room in the sitting position. Recordings were made during: a)
spontaneous breathing (5 min); b)controlled breathing at 0.2 Hz (i.e., 12 breaths/min for 2 min);
c)controlled breathing at 0.1 Hz (i.e., 6 breaths/min for 2 min). All recordings were manually analyzed
for the presence of artefacts.

Baroreflex sensitivity (BRS) was determined using the sequence method using artefact-free heart
rate and blood pressure recordings at spontaneous breathing. The sequence method involves manual
detection of up sequences, which are sequences of increases in SBP corresponding to lengthening of
the R-R interval over three or more consecutive heart beats and down sequences or decreases in SBP
corresponding to shortening of the R-R interval. BRS was determined by the change in R-R interval
(ms) over the change in SBP (mmHg). The baroreflex effectiveness index (BEI) was calculated as the
ratio between the number of SBP ramps associated with corresponding changes in R-R interval
within two heart beats to the total number of SBP ramps. The mean BRS and BEI for up ramps and
down ramps are presented separately, as well as cumulatively as total ramps[15].

2.3. Statistical Analysis

Statistical processing was performed with the Statistica 10.0 software package. Results are
shown as median (percentile 25-percentile 75). Differences in the distribution of qualitative
variables were determined with the Chi-square test, while the differences in quantitative variables
were determined with the use of the nonparametric Mann-Whitney test. The strength and
significance of the correlation between selected variables were calculated using the nonparametric
Spearman’s test. The multiple regression models and one-factor regression models, based on HRV
and RV parameters, were used in order to determine significant predictors for the diagnosis of
ME/CEFS. The ROC curve analysis was used to determine the appropriate cut-off values of HRV and
RV parameters. The level of significance for all tests was set at p < 0.05.
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3. Results

3.1. Demographic and Clinical Characteristics of Participants

Table 1 shows descriptive statistics for patients with ME/CFES, patients with PCC and
participants in the control group. There were no differences between the groups in terms of age,
gender and body mass index (BMI).

Table 1. Baseline demographic and clinical parameters among participants.

p-Value

Variable ME/CFS PCC HC ME/CFSvs _P-Value
PCC vs HC
HC
35.00 (29.50-  34.50 (21.25-
Age (years)  35.00 (30.0-41.25) 4150 55 0.190 0.174
2341 (19.45- 2351 (2054~  22.07 (20.14-
BMI (kg/m2) 28.70) 27,56 25.41) 0.530 0323
Gender
Male 8 (23.53%) 6 (20.69%) 10 (31.25%) 0.482 0.395
Female 26 (76.47%) 23(79.31%) 22 (68.75%)
HADS
Anxiety 10.00 (5.75-12.00) 10.00 (6.00-12.00) 6.00 (2.00-8.00)  0.001 0.001
Depression  10.00 (7.75-11.25) 9.00 (6.00-10.00) 3.00 (1.25-4.00)  0.000 0.000
MFI-20
, 19.00 17.75-  18.00 (14.50-
General fatigue 20.00) 20.00) 8.00 (5.25-9.75) 0.000 0.000
_ , 17.50 (15.00-  16.00 (14.00-
Physical fatigue 19.00) 18.00) 7.00 (5.00-9.75) 0.000 0.000
Reduced activity 18'(109 (306)'00‘ 16.00 (12.5-19.00) 7.50 (4.25-11.00)  0.000 0.000
R 13.50 (11.00-
educed 350 (11001 1 (9.50-15.00) 8.00 (6.00-9.00)  0.000 0.000
motivation 16.00)
, 16.50 (15.00-  13.00 (11.00-
Mental fatigue 18.00) 16.00) 6.00 (4.00-9.00) 0.000 0.000
IPAQ
Total score IPAQ  1857.00 (590.25- 1506.00 (1039.50- 3027.00 (160650- 0011
(MET-min/Week) 2841.00) 2814.00) 5399.00) ' !

Medians [IQR: interquartile ranges] and percentages (%) are shown. BMI: body mass index; HADS: Hospital
Anxiety and Depression Scale; HC: healthy controls; IPAQ: International Physical Activity Questionnaires;
ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome; MFI: Multidimensional Fatigue Inventory; PCC:
post-COVID-19 condition. We regarded * p < 0.05 as statistically significant differences between the two groups.

ME/CFS and PCC patients experienced significant fatigue on all subscales of MFI-20, with the
obvious difference from HC. The patients had also higher scores of anxiety and depression (HADS)
and lower level of physical activity (total IPAQ score) compared with HC (Table 1).

3.2. Baseline Variability Indices

The frequency-domain analysis of RR intervals revealed significantly lower values for all
analysed HRV parameters (except for LE/HF index) in PCC patients compared to the HC (Table 2).
Similar results were obtained for the group of ME/CFS patients, and the differences in HRV
parameters between ME/CFS and HC were even more pronounced. Additionally, ME/CEFS patients
had higher values of LF/HF than the controls.

doi:10.20944/preprints202311.1228.v1
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The spectral analysis of beat-to-beat arterial blood pressure revealed no differences between that
ME/CEFS or PCC patients and healthy controls in any of the frequency-domain parameters. Regarding
RV parameters, patients with ME/CFS showed significantly higher TP and HF power than HC.

Table 2. Baseline parameters of heart rate, arterial blood pressure and respiration variability among

participants.
p-Value
Variable ~ ME/CFS PCC HC ME/CFS vs P Vaiue
HC PCCvs HC
Heart rate variability
s RSO PRGSOy o
LF (ms?) 367.2;)5(.18?.45— 429.;2 7(.273?.65— 759;;08 (()4'16787).33— 0.000 0.038
ey RO WO ROy
O e 1 T
LF/HF  2.14 (1.20-4.13) 1.46 (1.02-4.01) 1.25(0.71-2.31) 0.029 0.155
Beat-to-beat systolic arterial blood pressure variability
TP (ms?) 50.15 (23.38-66.78) 42.20 (26.85-65.80) 41.35 (22.15-63.15) 0.434 0.598
LF (ms?) 13.95 (6.45-21.85) 13.50 (8.80-23.30) 9.50 (6.30-19.68) 0.438 0.157
HF (ms?) 7.80(4.38-16.73)  8.40 (3.60-11.45) 8.50 (4.48-14.28) 0.944 0.718
(\;];Ij) 20.30 (10.08-31.83) 17.50 (7.80-29.60)  12.90 (5.63-33.60) 0.178 0.470
LE/HF  1.63 (0.77-2.43) 1.79 (1.20-2.92) 1.11 (0.65-2.85) 0.369 0.053
Beat-to-beat diastolic arterial blood pressure variability
TP (ms?) 12.95 (7.38-25.28) 12.80 (8.05-25.35)  11.75 (7.60-20.53) 0.559 0.488
LF (ms?) 5.15 (2.93-7.98) 5.30 (3.15-8.70) 4.45 (2.25-7.90) 0.585 0.593
HF (ms?) 1.50 (0.90-2.15) 1.10 (0.70-2.50) 1.45 (0.70-2.68) 0.832 0.772
(\1:;12:) 5.75(3.03-12.15)  6.20 (2.80-13.15) 4.45 (2.83-13.48) 0.847 0.868
LF/HF  3.39 (1.84-5.53) 3.91 (2.35-6.83) 3.02 (2.17-5.74) 0.807 0.573
Respiration variability
TP (ms?) 703ﬁ(; 551253) 63- 722'9983(;?())'45_ 576.10 (418.93-809.75) 0.022 0.153
LF (ms?) 32.65 (11.20-101.05) 20.60 (7.20-182.80) 39.45 (13.33-105.73) 0.748 0.263
HF (ms?) 560'529(;@;'90_ 481'32 1(;?))'90_ 449.85 (309.00-569.55) 0.024 0.137
VLE 3.05 (2.05-4.88) 3.40 (2.15-5.45) 3.15 (2.25-6.20) 0.572 0.960

(ms?)
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LF/HF  0.06 (0.02-0.13) 0.03 (0.02-0.26) 0.08 (0.03-0.29) 0.403 0.132

Medians [IQR: interquartile ranges] are shown. HC: healthy controls; HF: high frequency; ME/CFS: myalgic
encephalomyelitis/chronic fatigue syndrome; LF: low frequency; PCC: post-COVID-19 syndrome; TP: total
power; VLF: very low frequency. We regarded * p < 0.05 as statistically significant differences between the two
groups.

3.3. Variability Indices during Breathing at 12 Breaths Per Minute

Compared spontaneous breathing, traditional spectral analysis showed decreased LF power,
and increased HF power of HRV at 12breaths/minute in all three groups (P<.05, see Figure 1a, b, c).
TP of HRV decreased only in healthy controls. This decline in HC was mostly due to decreased VLF
power, which could not be analysed in short-term HRV recordings. TP and HF power of RV increased
in all groups (P<.05, see Figure 1d, e, f)

2000 e
woar e I
. . - - I 2 —|
= [ = P e " B L ‘_ L _|
L1 | I | L ) | o L : I — —I L [R— L |
g I i~ I et E I =T T i I T N = B I = [:1 L3 eI &
(a) (b) (©
2000 4 soce
0]
Et 0.
e
| =
.,t | | i .
| _‘ I )
TR T a| 0
| — e | B B = H =) =] L]
1 - [ [— L
: L P | | I [ | I
m|3|~alm:u‘=in;;|u|mlglw ) su]!:\vlw-i ]‘lj]uvim]')v]xv
g - | W: | I ) ]!Iu'.i!k | III'; = . = e
(d) (e) (f)

Figure 1. Heart rate variability (HRV) and respiration variability (RV) in three study groups (healthy
controls (HC), myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and post-COVID-19
syndrome (PCS)) at spontaneous breathing (SR), at 12 breaths/minute (12br) and at 6 breaths/minute
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(6br). Significant differences of variability indices in ME/CFES and PCS from HC and significant
changes of these indices at 12 breaths/minute and at 6 breaths/minute within patient groups are

marked with asterisk brackets at the top and at the bottom of the plots respectively. We regarded * p

<0.05 as statistically significant differences between the two groups. (a) Total power (TP) of HRV; (b)
Low frequency (LF) of HRV; (c) High frequency (HF) of HRV; (d) TP of RV; (e) LF of RV; (f) HF of

RV.

It should be noticed that patients with ME/CEFS still had significantly lower TP, LF and HF
components of HRV compared to HC. A similar trend was observed for PCC patients, who still
differed from healthy controls in terms of LF and HF HRV components but showed comparable TP
values. Regarding RV parameters, no significant difference existed at 12 breaths/minute between
groups. At the same time some differences in SBPV and DBPV between ME/CFES and HC, and to the

lesser extent between PCC and HC have appeared (Table 3).

Table 3. Heart rate, arterial blood pressure and respiration variability among participants at 12

breaths/minute and at 6 breaths/minute respiration rate.

p-Value p-Value

Variable ME/CFS PCC HC ME/CFS PCC vs
vs HC HC
Heart rate variability at 12 breaths/minute
998.90 (573.93- 1506.80 (948.90- 1682.35 (1120.95-

TP (ms?) 1729.15) 2410.35) 3607.90) 0001 0.088
LF (ms?) 226.55 (140.28-399.68) 272.60 (198.90-329.50) 402.7 (237.35-908.75) ~ 0.002  0.018
HF (ms?) 399.15 (162.38-529.75) 564.50 (253.85-1095.35) 920.45 (439.75-2023.70) 0.000  0.038
Beat-to-beat systolic arterial blood pressure variability at 12 breaths/minute
TP (ms?) 49.30 (24.85-65.45) 42.40 (26.00-97.60) 33.00 (18.85-49.18) 0.101 0.231
LF (ms?) 11.90 (5.93-21.33) 9.60 (4.75-23.10) 5.75 (3.70-10.85) 0.007  0.029
HF (ms?)  14.74 (6.08-32.05) 12.80 (6.40-35.80) 13.80 (8.38-22.50)  0.773  0.960
Beat-to-beat dyastolic arterial blood pressure variability at 12 breaths/minute
TP (ms?)  12.35 (7.48-22.78) 13.90 (7.15-20.60) 9.35 (4.63-14.55) 0034  0.067
LF (ms?) 4.10 (2.13-6.90) 4.10 (1.85-8.15) 2.70 (1.73-4.70) 0.061 0.161
HF (ms?)  3.35(1.45-5.83) 2.60 (1.00-6.40) 1.45 (0.93-3.15) 0.010 0.126
Respiration variability at 12 breaths/minute

1763.45 (1247.75- 1647.10 (1020.70-
TP (ms?) 2613.40) 3323.25) 1303.65 (683.95-2337.68) 0.124  0.126
LF (ms?) 51.10 (34.28-81.90)  57.50 (27.90-112.10)  45.20 (22.50-75.28) 0216  0.166
HF (ms?) 1692;33 ;_1715)4'40' 1592;8;Zi§'10' 1189.25 (645.40-2238.68) 0.118  0.126
Heart rate variability at 6 breaths/minute

5179.75 (1260.90- 5891.10 (2363.10- 7007.30 (4443.65-
1P (ms?) 8857.20) 11520.45) 14608.75) 0022 0.220

4220.15 (921.70- 4824.30 (1528.40- 6022.40 (3333.65-
LF (ms?) 6590.25) 9957.70) 11796.05) 0013 0.112
HF (ms?) 249.90 (98.28-698.98) 536.10 (231.55-1099.25) 442.90 (183.50-1643.08) 0.057  0.931
Beat-to-beat systolic arterial blood pressure variability at 6 breaths/minute
TP (ms?) 77.20 (43.58-136.63)  84.40 (48.90-157.35)  62.90 (39.38-96.05)  0.184  0.137
LF (ms?) 53.60(22.05-106.18)  57.70 (27.30-122.60) 39.25 (22.23-69.70) 0.225 0.054
HF (ms?)  5.35(2.80-10.85) 5.20 (2.65-8.95) 3.15 (1.93-6.23) 0.026  0.086
Beat-to-beat dyastolic arterial blood pressure variability at 6 breaths/minute
TP (ms?) 21.15 (11.45-39.48) 17.90 (12.70-35.20) 15.30 (10.45-27.23) 0.359 0.295
LF (ms?)  14.25 (5.23-26.93) 12.60 (6.35-27.00) 9.40 (5.05-20.80) 0333  0.245
HF (ms?)  1.70 (1.10-2.53) 2.10 (1.40-3.80) 1.10 (0.70-3.38) 0.38  0.079
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Respiration variability at 6 breaths/minute

1133.80 (688.13- 1122.20 (724.45-
2 -
TP (ms?) 1664.75) 1865.40) 701.45 (492.33-1332.78) 0.030  0.022
47. 1.03-
LF (ms?) ? 12%25193)03 933.80 (537.65-1612.40) 588.45 (370.00-937.15) 0.013  0.015

HF (ms?) 157.40 (91.43-249.58) 165.50 (97.20-214.10)  116.55 (61.58-183.60)  0.072 0.033
Medians [IQR: interquartile ranges] are shown. HC: healthy controls; HF: high frequency; ME/CFS: myalgic
encephalomyelitis/chronic fatigue syndrome; LF: low frequency; PCC: post-COVID-19 condition; TP: total
power; VLEF: very low frequency. We regarded * p < 0.05 as statistically significant differences between the two
groups.

3.4. Variability Indices during Breathing at 6 Breaths per Minute

Compared spontaneous breathing, traditional spectral analysis showed increased TP and LF
power of HRV at 6 breaths/minute in all three groups (P<.05, see Figure 1a, b, c). HF power of HRV
increased only in ME/CFS and PCC groups. TP and LF power of RV increased, and HF power of RV
decreased in all groups (P<.05, see Figure 1 d, e, f)

At this respiration rate patients with ME/CFS still had significantly lower TP and LF components
of HRV compared to HC, but HF was comparable. PCC patients showed all HRV values comparable
with healthy controls. Regarding RV parameters, ME/CFS and PCC patients had higher TP and LF
power, and PCC patients had also higher HF power at 6 breaths/minute than healthy controls. Only
HF power os SBPV in ME/CFS group differed from HC (Table 3).

3.5. Multifactorial Logistic Regression Analysis in ME/CFS Group

A logistic regression was performed to ascertain HRV and RV parameters with p value <0.05 on
the likelihood that participants have ME/CFS. Two multifactorial models were created, based on two
different methods of variable selection. Model 1, which was based on forward stepwise logistic
regression, included TP of HRV and TP of RV at spontaneous breathing. Model 2, which was based
on backward Wald selection, retained LF of HRV, TP of RV at spontaneous breathing, and HF of
HRYV at 12 breaths/minute (Table 4).

Table 4. Multivariate logistic regression analysis for predicting the presence of ME/CFS.

Variable Adj. BAdj. OR (95% CI)P value
Model 1
TP of HRV at spontaneous breathing-0.0010.999 (0.999-1.002) 0.001
TP of RV at spontaneous breathing 0.002 1.002 (1.000-1.004) 0.044
Hosmer Lemeshow test, p-value=0.952; constant = 0.504
Model 2
LF of HRV at spontaneous breathing -0.001 0.999 (0.998-1.000) 0.012
HF of HRV at 12 breaths/minute  -0.0010.999 (0.998-1.000) 0.047
TP of RV at spontaneous breathing 0.002 1.002 (1.000-1.003) 0.088
Hosmer Lemeshow test, p-value=0.730; constant = 0.562
RV: respiration variability; HF: high frequency; HRV: heart rate variability; LF: low frequency; TP: total power;
VLF: very low frequency. We regarded * p < 0.05 as statistically significant differences between the two groups.

There was no collinearity between the parameters included in these models as variance inflation
factor (VIF) scores were well below 10. One-factor regression models, based on each significant (p
value <0.05) HRV and RV parameter were also created. Two of these one-factor models had
AUCROC>0.8 and were included in the comparison with multifactorial models (Table 5, Figure 2).

doi:10.20944/preprints202311.1228.v1
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Table 5. Comparison of predictive performance in receiver operating characteristic analysis.

TP of HRV at HF of HRV at

Variable SR SR Model 1 Model 2
o 0.819 (0.720- 0.834 (0.735- 0.830 (0.730- 0.817 (0.712-
AUC (95% CI) 0.918) 0.933) 0.929) 0.922)
Cut-off (Maximum Youden's -1 g5 286.95 0.580 049
index)

Sensitivity %, (95% CI) 96.9% 81.3% 73.5% 85.3%
Specificity %, (95% CI) 58.8% 79.4% 75% 68.8%
Cut-off (Se=Sp) 1587.55 296.95 0.603 0.612
Sensitivity %, (95% CI) 71.9% 78.1% 70.6% 76.5%
Specificity %, (95% CI) 70.6% 79.4% 81.3% 75.%

AUC: area under the curve, CI: confidence interval, HF: high frequency; HRV: heart rate variability; SR:
spontaneous breathing (rest); TP: total power.
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Figure 2. Receiver operating characteristic (ROC) curves for the analysed models. TP1: total power of
heart rate variability at spontaneous breathing; HF1: high frequency of heart rate variability at
spontaneous breathing.

3.6. Correlations of Heart Rate, Arterial Blood Pressure and Respiration Variability Parameters with Clinical
Characteristics in Patient Groups

Spearman correlation test was performed separately in ME/CFS, PSC and HC groups to detect
correlations between variability parameters and clinical characteristics (five domains of fatigue
according to MFI-20; depression and anxiety according to HADS; age; BMI; physical activity
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according to IPAQ). The analysis showed considerably different patterns between three groups
(Table 6). Heart, arterial blood pressure and respiration variability parameters had a number of
correlations with general fatigue and physical fatigue in ME/CFS and PCC groups, but not in healthy
controls. In general, HRV had negative and SBPV, DBPV had positive correlations with fatigue.
Notably, that fatigue showed much more correlations with variability parameters than with
depression. Patients with higher BMI (but not healthy participants) were characterized with higher
RV. At the same time, RV had opposite correlations with anxiety in ME/CFS and in PCC. Physical
activity level did not show any correlation with HRV or clinical characteristics in ME/CFS or HC but

correlates negatively with general fatigue and physical fatigue in patients with PCC.

Table 6. Significant (p<0.05) Spearman correlations of heart rate, arterial blood pressure and

respiration variability parameters with clinical characteristics in patient groups. Positive correlations

marked with red colour, and negative correlations - with blue one.

Variabl

o ME/CFS PCC HC
) ) ) ) ) )
RM
BMI
HADS HADS_A GF, PF, RA,
D DBPV_HF_6br ooy TP 120 RM, MF
/min .
r/min
RV_TP_6br/mi SBPV_TP_SR
n ' HRV_TP_12br/ SBPV_VLF_SR. GF, PF, RM
HADS_ RV_LF_6br/mi e RV_TP_6br/mi RV_HF_6br/ i
A n n min
RV_HF_6br/mi RV_LF_6br/mi
n n
PF, RA HRV_TP_SR
SBPV_HF_SR HRV_HF_SR
DBPV_LF_12brHRV_VLFE_SR
Ceneral /min HRV_TP_12br PF, RA, RM,
fatigue SBPV_LF_6br/ /min PF, RA ME
min HRV_LF_12br HADS_D
DBPV_LF_6br/ /min
min HRV_HF_12br
/min
GF, RA
SBPV_TP_12br
/min
GF, RA
! SBPV_LF_12br
rSr]13iiV_TP_6b1‘/ ]/;131;1 i GF, RA, RM,
V_LF_12br ME
BPV_LF 6br - =
fatigue 3]?:V_TP_6br/ min DBPV_VLE_S
DBPV _LF_6br/ SB'PV_LF_6br/ R
. min
i DBPV_TP_6br/
min
DBPV_LE_6br/
min
Reduce GF, PE HRV_HF SR GF, PF, RM, GF, PF, RM,
d MF MEF
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activity

Reduce
d
motivati
on

Mental
fatigue

Age

BMI

IPAQ

SBPV_TP_SR
SBPV_LF_SR

SBPV_TP_6br/

-l RV_TP_SR

RV_HF SR
SBPV_LE_6br/ EE
min -
SBPV_HF_6bt/ oy LF 6br/mi
min -

RV_TP_12br/m

in

RV_LF_12br/m

in HADS_D
RV_HF_12br/ HRV_TP_SR
min HRV_HF SR
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n DBPV_HF_6br
RV_LF_6br/mi /min

n

RV_HF_6br/mi

n

DBPV_TP_12b

r/min
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RA, RM

DBPV_HF_6br/

min
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DBPV_LF_SR
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min
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. /min
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SBPV_HEF_6br/ HBV_TP_&H/
. min

min
RV_HF_6bt/mi 1RV —F-6br/
min

RV_TP_12br/m
in

n

HRV_HEF_6br/
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n
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SBPV_VLF_S
R
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HADS_D,
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SBPV_TP_SR
DBPV_TP_SR
DBPV_HF_SR
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DBPV_HF_SR
HRV_TP_12br/

min
SBPV_TP_6br oV LF 12br/
/min

min
SBPV_LF_6br LoV TP 6br/
/min .

min
HRV_LEF_6br/
min
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min

SBPV_HF_ 12br
/min

DBPV_TP_12b
r/min

BMI: body mass index; RV: respiration variability; DBPV: diastolic blood pressure variablility; GF: general
fatigue MFI-20 domain; HADS_A: Hospital Anxiety and Depression Scale - Anxiety subscale; HADS_D:
Hospital Anxiety and Depression Scale - Depression subscale; HC: healthy controls; HF: high frequency; HRV:

heart rate variability; IPAQ: International Physical Activity Questionnaires; LF: low frequency; ME/CFS: myalgic

encephalomyelitis/chronic fatigue syndrome; MF: mental fatigue MFI-20 domain; PCC: post-COVID-19

syndrome; PF: physical fatigue MFI-20 domain; RA: reduced anxiety MFI-20 domain; RM: reduced motivation
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MFI-20 domain; SBPV: syslolic blood pressure variability; SR: spontaneous breathing; TP: total power; VLF: very
low frequency.
3.7. Baroreflex Sensitivity and Baroreflex Effectiveness Index

BRS was significantly lower in patients with ME/CFS and PCC compared to HC both for up and
down SBP ramps (Table 7). Interestingly, that BEI was reduced only in up SBP ramps in both groups
of patients.

Table 7. Baroreflex sensitivity and baroreflex effectiveness index among participants.

p-Value p-Value

Variable ME/CFS PCC HC ME/CFS PCC vs

vs HC HC
BRSup  4.42(2.88-628) 591 (3.54-7.92) 7.40 (4.90-14.03) 0.000  0.041
BRSdown 4.85(2.93-7.42) 524 (3.97-8.48) 9.15 (6.42-12.01) 0.000  0.002
BRSmean 4.60 (3.12-6.40)  5.99 (3.88-8.48) 8.45 (5.25-13.40) 0.000  0.016
BELup 057 (0.43-0.80)  0.64(0.44-0.78) 0.70 (0.56-0.88) 0.024  0.049
BEL down 0.45 (0.37-0.62)  0.44 (0.29-0.77) 0.49 (0.36-0.82) 0434 0470
BRup  16.00(7.50-25.00) 18.00 (10.00-27.50) 18.50 (9.25-29.00) 0362  0.942
BR_down 19.00 (9.00-25.75)  12.00 (6.00-24.00) 19.5 (7.00 - 32.75) 0529  0.191
BRX_up  10.5 (4.75-18.00)  9.00 (5.50-14.00) 5.50 (2.00-9.00) 0.009  0.018
BRX_down 18.5 (9.00-25.00)  14.00 (5.00-23.00) 16.00 (5.00-21.50) 0218  0.931

BMI body mass index; BEI baroreflex effectiveness index; BR number of effective baroreflex events; BRX number
of ineffective baroreflex events; BRS baroreflex sensitivity; HC: healthy controls; ME/CFS: myalgic
encephalomyelitis/chronic fatigue syndrome; PCC: post-COVID-19 condition.

Spearman correlation test was performed separately in ME/CFS, PSC and HC groups to detect
correlations between BRS, BEI_up and clinical characteristics (five domains of fatigue according to
MFI-20; depression and anxiety according to HADS; age; BMI; physical activity according to IPAQ).
In HC BRSup correlated negatively with age (-0.406) and BEI_up - with activity domain of fatigue
according to MFI-20 (-0.416), but not with the level of physical activity according to IPAQ. In ME/CFS
only fatigue domains showed significant correlation with BRSup, BRSdown, BRSmean (-0.559, -0.394
and -0.546 respectively with general fatigue domain of MFI-20) and BEI up (- 0404 - with
motivation domain of fatigue in MFI-20). In PCC no significant relationships were found.

4. Discussion

This study assessed autonomic function at rest, during breathing at 12 breaths per minute and
during breathing at 6 breaths per minute in patients with PCC and in patients with ME/CFS whose
disease was not related to COVID-19. Correlation analysis of HRV indices with clinical features of
the patients was performed to better understand determinants of autonomic dysfunction or its
contribution to the clinical presentation. The obtained HRV indices was used to develop a
multifactorial model for predicting likelihood of ME/CFS diagnosis. Assessment of baroreflex
function enable deeper insights into the pathogenesis of orthostatic intolerance in both PCC and
ME/CFS.

First of all, it should me noted that study groups were matched by age, gender and BMI to
eliminate the influence of these factors on HRV and baroreflex function. All patients and controls
were under 60 years old which enable us not to make allowances on aging of the autonomic nervous
system. Patients with PCC and ME/CFS were significantly more anxious and depressed than HC
according to HADS, however median level of both anxiety and depression in patients’ groups
corresponded to the subclinical level (i.e. did not warrant treatment but may nevertheless interfere
with an individual's ability to function effectively). At the same time, MFI-20 subscales scores in both
patients group were similar and corresponded to the severe fatigue. Patients were less physically
active than HC according to the IPAQ. In our study patients with PCC were comparable with ME/CFS
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patients and more physically active than patients with PCC in the study of Twomey et al (the authors
reported 503 (99-1361) MET-min/week total IPAQ score in patients with long COVID).

Although LF/HF ratio was higher in ME/CFS (but not in PCC) than in HC, absolute values of LF,
HF and VLF in ME/CFS and PCC were lower than in healthy subjects. This observation could indicate
reduced sympathetic and parasympathetic activity in ME/CFS and PCC at rest, with the shift to the
sympathetic predominance in ME/CFS, while in PCC sympatho/vagal balance is maintained.
However, there are serious doubts about the assessment of cardiac autonomic nervous functions
through the analysis of HRV frequency components (LF and HF)[15]. Particularly, the framework to
associate LF and HF with the divisions of the autonomic nervous system (sympathetic and
parasympathetic) is already too simplistic. To date, it is known that two major components in short-
term HRV are respiratory sinus arrhythmia (RSA) and a fluctuation at ~0.1 Hz (which corresponds
to LF band) called Mayer wave sinus arrhythmia. The mechanism mediating the heart rate fluctuation
at ~0.1 Hz is believed to be the baroreceptor reflex cardiovascular regulation system, by which the
fluctuation of arterial blood pressure at ~0.1 Hz that are known as Mayer waves is reflected in the
fluctuation of heart rate[15]. As LF is related to baroreflex function, a decreased LF HRV, which is is
constantly reported in ME/CFS, could reflect baroreflex failure and encouraged us to perform beat-
to-beat measures of HR and BP in order to confirm this hypothesis.

Regarding the second mechanism of short-term HRV, respiration modulates the heart rate
creating excess power in the HRV at a frequency equal to the respiratory rate, a phenomenon known
as RSA, which has been associated with the efficiency of pulmonary gas exchange[15]. RSA is generated
by the oscillation of firing in cardiac vagal motor neurons, which are inhibited during inspiration and
excited post inspiration[16]. Natural breathing rates between 10 and 24 cycles per minute (0,16-0,4
Hz) allows to estimate parasympathetic activity by HF HRV power, since RSA at this breathing rate
corresponds to HRV HF band and does not overlap with LF HRV band.

Our results for the comparison of HRV indices between spontaneous breathing rate and during
breathing at 12 breaths per minute (i.e.the increase in HF power and decrease in LF power in all three
groups) are in line with the statement of the separation of two major sources of HRV (RSA and Mayer
wave sinus arrhythmia) by frequency bands at this respiratory rate. Therefore, decreased LF and HF
HRV in ME/CFS and PCC compared to HC at 12 breaths per minute confirmed reduced
parasympathetic activity and give additional evidence for baroreflex failure in both patients group.

It is very important to take into consideration individuals’ breathing rate when HF and LF
components of HRV are interpreted as indicators of parasympathetic and sympathetic nervous
system activity. Thus, for athletes, who breathe more slowly (for example at 6 cycles per minute,
which corresponds to a frequency of 0.1 Hz), vagal-related power would shift from HF into LF[17],
resulting in overestimation of the SNS contribution and underestimation of the PNS contribution in
traditional HRV framework. But the exact mechanism of the LF increase in this case is not the
increase of sympathetic activity, but the synchronization of RSA with the baroreflex frequency[17].

Maximization of HRV at around 6 breaths per min due to LF power has been confirmed by
numerous studies[18]. This indicates cardiorespiratory system resonance, and slow breathing (~6
breaths per min) is hence referred to as a “resonance breathing”, though this resonant frequency does
vary between individuals (4-7.5 breaths per min)[18]. Slow breathing has been shown to benefit
health and performance within clinical and non-clinical populations. EEG studies show an increase
in alpha and a decrease in theta power. FMRI study highlights increased activity in cortical (e.g.,
prefrontal, motor, and parietal cortices) and subcortical (e.g., pons, thalamus, sub-parabrachial
nucleus, periaqueductal gray, and hypothalamus) structures. Psychological/behavioral outputs
related to the abovementioned changes are increased comfort, relaxation, pleasantness, vigor and
alertness, and reduced symptoms of arousal, anxiety, depression, anger, and confusion[19].

In our study the effect of slow breathing (6 breaths/minutes) on HRV in patients and HC was
consistent with earlier studies[18], which implies the integrity of positive effects of slow breathing
(and in particular resonance frequency breathing) in ME/CFS and PCC. Moreover, our results suggest
that slow breathing has a therapeutic potential regarding PCC since HRV parameters in this group
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at 6 bresths/min increased to the level of HC. Autonomic dysfunction in ME/CFES is presumably more
profound than in PCC, since in ME/CFS it has not resolved during breathing at 6 breaths/min.

In view of the observed great difference in HRV parameters between ME/CFS and HC as well
as the absence of clinically available diagnostic test for ME/CFS, we used multifactorial logistic
regression analysis to created two multifactorial models for the prediction of ME/CFS based on HRV
parameters. However, two single-factor models based on TP of HRV and HF of HRV at spontaneous
breathing showed AUC, sensitivity and specificity comparable with multifactorial models. The most
optimal model, in our view, is based on HF HRV at spontaneous breathing and shows 81.3%
sensitivity and 79.4% specificity for the differentiation of ME/CFS from HC (with the cut-off 286.95
ms2).

Correlation analysis allowed to reveal some important differences between patients and HC.
First of all, depression and anxiety were associated with fatigue only in HC, but not in ME/CFS or
PCC. The association of fatigue with depressive is well-known and a differential diagnosis of
MEC/CFS or CC with depression is often difficult due to the overlapping psychological and somatic
symptoms in both disorders, including fatigability, a lowering of concentration, and sleep
disturbance. Our study showed that fatigue is not related to depression/anxiety in ME/CFS and PCC.

Depression was not associated with HRV parameters in any study groups, while anxiety was
inversely correlated with HRV-HF at spontaneous breathing in HC. Since as have been mentioned
above, low HRV-HF was characteristic of ME/CFS an PCC, one may presume that low HRV-HF in
HC with subclinical anxiety represents a risk factor for post-infectious fatigue syndromes.
Correlations of “general fatigue” and “physical fatigue” domains of MFI20 are the most indicative
for the hypothesis that fatigue in ME/CFS and PCC is related to the autonomic dysfunction in
contrast to HC, where depression/anxiety are the most common causes of fatigue. In general, lower
HRV and higher SBPV/DBPV in patients were associated with more pronounced fatigue. These
results are in line with previous studies which have been scarce, but reported similar
relationships[20-22]

Interestingly, that in our study some HRV and SBPV parameters (which were associated with
greater fatigue only in patients’ groups), both in patients and HC were correlated with age, while the
age itself was not correlated with any domain of fatigue. These findings could be interpreted as
evidence for the existence of age-related autonomic dysfunction, which is accelerated in ME/CFS and
PCC. A similar pattern was observed for another measure of autonomic cardiovascular control -
baroreceptor reflex. BRS reflects the complex interaction between the cardiac, vascular and
autonomic function to manage the blood pressure fluctuations of daily life within normal
levels. The afferents arising from the arterial baroreceptors terminate in the nucleus tractus
solitarii of the brain stem, which activates vagal motor neurons and inhibits spinal sympathetic
neurons. When the BP rises, the baroreflex stimulates vagal cardiac activity (increase of HRV),
inhibits 1-adrenergic efferents to the myocardium (reduction of contractility), and reduces «-
adrenergic outflow to the vasculature (vasodilation). Conversely, when the BP decreases, the
opposite change occurs, such that the reflex buffers short-term BP fluctuations.

A close relationship between orthostatic intolerance, fatigue, cognitive impairment, chronic pain
and baroreflex failure has been recently reported[23,24].

Our results are in line with these observations, since baroreflex failure was detected both in
ME/CFS and PCC patients. However, in patients with PCC baroreflex failure was not correlated with
fatigue, in contrast to ME/CFS. It should be noticed that there are conflicting data on the presence of
baroreflex failure in PCC in the literature[25]. The negative correlation of BRSup with age in HC (but
not in ME/CFS where it was correlated only with the severity of fatigue) gives another evidence for
the hypothesis of the accelerated ageing of autonomic nervous system in ME/CFS.

The decreased BEI in ME/CFS and PCC only in up SBP ramps could represent a new mechanism
for the higher risk of POTS and inappropriate sinus tachycardia in these group of patients.

Several potential mechanisms connecting abnormal baroreflex to fatigue and cognitive
impairment has been suggested, including reduced or dysregulated cerebral perfusion, the effects of
decreased vagal afferent input to the nucleus tractus solitarii on higher cortical networks[24], and
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deactivation of physiological baroreflex-induced reduction of systemic inflammation and
neuroinflammation[26,27]

The last mechanism let us to discuss in more detail a close relationship between
neuroinflammation, cardiac autonomic dysfunction and vascular pathology,

Inflammation is defined as a typical pathological process involving the immune system in
response to [vascularized] tissue injury or invasion by pathogens, resulting in tissue repair and/or
pathogen elimination[28]

Inflammatory responses that are centralized within the brain and spinal cord are generally
referred to as “neuroinflammation”. Neuroinflammation is the innate and adaptive immune
responses that are initiated toward a variety of harmful insults (such as infection, ischemia, stress,
and trauma) through the release of inflammatory mediators (such as cytokines, chemokines, and
reactive oxygen species) by various immune cells (like microglia, astrocytes, peripherally derived
immune cells, and endothelial cells). Neuroinflammation in the initial stage is mainly beneficial and
protective; however, evidence from both clinical and experimental studies indicates that prolonged
or excessive inflammation is a pivotal pathological driver of several neurological disorders, such as
cerebrovascular diseases, traumatic brain and spinal cord injuries, neurodegenerative diseases,
epilepsy, multiple sclerosis, psychological disorders, and chronic pain. Therefore,
neuroinflammation is the common mechanism that connects ischemic, degenerative, traumatic,
demyelinating, epileptic, and psychiatric pathologies[29]. It has been also reported in ME/CFS[30]
and PCC[31].

The change in autonomic nervous system activity against the background of neuroinflammation
may be a potential intermediate link between microglia and cardiovascular diseases[32]. The ANS
innervates vascular walls and regulates contractility and tension. Therefore, autonomic dysfunction
may exert detrimental effects on endothelial and vascular tissues, favoring atherogenesis. The
relation between dysautonomia and atherosclerotic cardiovascular disease mortality has been
documented [33]. Subclinical atherosclerosis risk factors and markers were associated with signs of
dysautonomia in general populations of various ethnic origin [34,35]. Sympathetic hyper-activation
leads to vasoconstriction, loss of vascular elasticity, accumulation of modified lipoproteins in the
vascular wall. It also increases peripheral vascular resistance, induces endothelial dysfunction,
stimulates oxidative stress, and vascular remodelling, and favors micro- and macro-calcification in
both the vascular intima and media[36,37]. Sympathetic hyper-activation also favors pro-
inflammatory and prothrombotic effects[36] driven by cytokines, chemokines, and other biologically
active mediators, while parasympathetic branch of autonomic nervous system plays an anti-
inflammatory effects mediated by the so called cholinergic anti-inflammatory pathway, This pathway
is characterized by signals communicated via the vagus nerve (with the possible involvement of the
splenic nerves) through acetylcholine release to down-regulate the inflammatory actions of
macrophages, key players of inflammaging[38]. Hypothalamic—pituitary—adrenal axis is another
pathway related to ANS, which promotes some anti-inflammatory response mainly through
increased cortisol levels (notably, that this mechanism is also impaired in ME/CFS [39]). In line with
these pathophysiological mechanisms, reduced HRV predicted the severity, extent and progression
of human coronary atherosclerosis , even in asymptomatic subjects[40,41].

In conclusion, we obtained evidence for the similar pattern of HRV, blood pressure variability
and baroreflex failure in ME/CFS and PCC, which can be interpreted as a pathological acceleration
of age-dependant dysautonomia and applied for the diagnosis of ME/CFS. Correlation analysis
revealed a close relationship between fatigue and parameters which objectively prove dysautonomia
in ME/CFS and PCC, but not with mental problems. Since neuroinflammation has been addressed as
one of the most important mechanism of ME/CFS and PCC pathogenesis, we discussed
dysautonomia in a broad context of neuroinflammation and drew attention to the potential negative
vascular consequences of this conditions.
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