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Abstract: Post-exertional malaise (PEM) is regarded as the hallmark symptom in chronic fatigue
syndrome (CFS). The aim of the current study is to explore differences in CFS patients with and
without PEM in indicators of aortic stiffness, autonomic nervous system function, and severity of
fatigue. One-hundred and one patients met the Fukuda criteria. A Chronic Fatigue Questionnaire
(CFQ) and Fatigue Impact Scale (FIS) were used to assess the level of mental and physical fatigue.
Aortic systolic blood pressure (sBPaortic) and the autonomic nervous system were measured with
the arteriograph and Task Force Monitor, respectively. Eighty-two patients suffered prolonged PEM
according to the Fukuda criteria, while 19 did not. Patients with PEM had higher FIS scores (p = 0.02),
lower central systolic blood pressure (p = 0.02) and higher mental fatigue (p = 0.03). For a one-point
increase in the mental fatigue component of the CFQ scale, the risk of PEM increases by 34%. For
an sBPaortic increase of 1 mmHg, the risk of PEM decreases by 5%. For a one unit increase in
sympathovagal balance, the risk of PEM increases by 330%. Higher mental fatigue and sympathetic
activity in rest are related to an increased risk of PEM, while higher central systolic blood pressure is
related to a reduced risk of PEM. However, none of the between group differences were significant
after FDR correction, and therefore conclusions should be treated with caution and replicated in
further studies.

Keywords: PEM; myalgic encephalomyelitis; brain fog; vascular stiffness

1. Introduction

Chronic Fatigue Syndrome (CFS) is characterized by a substantial deterioration of
symptoms that could be provoked in response to physical exercise in patients with post-
exertional malaise (PEM) [1]. The National Academy of Medicine reports the prevalence
of PEM among CFS patients as being from 69 to 100% [2]. PEM is regarded as a hallmark
symptom of CFS [3]. However, some criteria, such as the Fukuda case definition [4], do
not require PEM to be present for a CFS diagnosis. The majority of patients, i.e., 73.4%,
reported the duration of PEM as being equal to or longer than 24 h [5].

The exact mechanism that underlies PEM is as yet unknown. However, it has been
reported that patients with CFS experience shortness of breath [6]. Disruption of the resting
respiratory rate induced by PEM has been observed [7].
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In addition, an attenuated adrenaline response to physical exercise has been observed
in CFS, compared to healthy controls [8], along with more pronounced increases of nitric
oxide metabolites after a physical exercise test [9]. The decreased response of adrenaline
to physical exercise and a disturbance of nitric oxide metabolites are in line with the
observations of Bond et al. [10], who recently proposed that a disturbance in the functioning
of the vascular system was a key factor in PEM pathogenesis.

A decrease in the ability of large arteries to adapt readily to an increase in the amount
of blood ejected during heart muscle contraction has been reported. Aortic pulse wave, or
pulse wave propagation velocity (PWV), and an indirect parameter, the augmentation index
(Aix), constitute a relatively simple, non-invasive, and reproducible method to determine
arterial stiffness [11]. Arterial stiffness has been found to be associated with cardiovascular
events in older cohorts, and, when measured, PWV is considered to be a significant risk
factor for cognitive decline. Furthermore, a less elastic arterial system occurs together with
impaired autoregulation of cerebral perfusion. In consequence, episodes of hypotension
might lead to an increase in the risk of brain hypoperfusion. High arterial stiffness might
occur in CFS patients [12] and could serve as a marker of increased cardiovascular risk
in this population. Słomko et al. show that CFS patients with sympathetic autonomic
dominance had the highest value of arterial stiffness, compared to patients with autonomic
balance [13]. Hunter et al. suggest that a higher elasticity of large arteries was correlated
with lower subjective fatigue in older women with CFS [14].

The Fukuda criteria can distinguish between CFS and chronic fatigue. However,
a further subclassification of the former group into PEM positive and PEM negative
subgroups has been suggested [15]. In contrast to the Fukuda criteria, the Canadian
Consensus Criteria (CCC) require PEM for a diagnosis of CFS [16]. Therefore, it has been
suggested that patients diagnosed on the basis of the Fukuda criteria are a heterogeneous
group [17]. However, unlike generalized fatigue, PEM can be associated with extreme
disruption of daily life functioning [18]. However, the Fukuda definition, which has been
in use for twenty-seven years, has, until recently, been the most widely used case definition
for ME/CFS, and is still very widely used in research and clinical practice. The CCC case
definition identifies a more severely affected subgroup of those patients identified by the
Fukuda definition. The main feature which serves to distinguish those Fukuda-positive
patients who are also CCC-positive from those who are not is the presence of PEM. We
decided to rely on the Fukuda criteria for CFS to examine the differences between the CFS
subgroups of patients with and without PEM. The underlying mechanism of PEM is still not
fully understood; therefore we conducted a cross-sectional study to explore the differences
in selected physiological parameters and symptoms severity in CFS patients with PEM,
compared with those without. The aim of the current study is to examine differences in
CFS patients with and without PEM in indicators of aortic stiffness, autonomic nervous
system function, and severity of physical and mental fatigue.

2. Materials and Methods

The current study took place from January 2013 to July 2018. The Ethics Committee, of
the Ludwik Rydygier Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University,
Torun approved the study (KB 332/2013, date of approval: 25 June 2013). Written, informed
consent was obtained from all the participants.

2.1. Enrolment

A group of 131 patients with CFS between 25 and 65 years of age were recruited via
telephone, e-mail, and mass-media advertisements. The main enrolment criteria included:

(1) Fukuda criteria (2) Fatigue Severity Scale score higher than 36 points and persis-
tent fatigue for more than 6 months (3) had suffered from one or more of four additional
symptoms: post-exertional malaise, impaired memory and/or concentration, unrefreshing
sleep, headache, sore throat, tender lymph nodes (axillary or axillary), muscle or joint pain,
(4) perceived fatigue could not be explained by an underlying condition. On inclusion, all
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CFS patients received a pre-test health state assessment: basic neurological, psychiatric,
clinical examination, and had been referred by a general practitioner and by the neurology
and psychiatry departments. The exclusion criteria included: (1) any indication of under-
lying illness, (2) medical condition explaining fatigue, (3) psychiatric disorders. Hospital
Anxiety and Depression Scale (HADS) has been performed to assess anxiety (HADS_A)
and depression (HADS_D) symptoms intensity [19]. Beck Depression Inventory (BDI-II)
was used to examine depression symptoms intensity [20].

30 participants were excluded as they did not meet the Fukuda criteria (n = 10), had
an underlying psychiatric illness (n = 13), or had another diagnosis, or fatigue was not the
primary complain (n = 7).

On the day of investigation all subjects were instructed to eat a light breakfast, and
refrain from smoking, caffeine, alcohol consumption and vigorous physical activity. All
tests were carried out in a chronobiology laboratory (soundproofed room without windows,
temperature 22 ◦C, humidity 60%) and were performed at approximately the same time
of day.

2.2. Measurement
Scales

The Chalder Fatigue Questionnaire (CFQ) [21], Fatigue Severity Score (FSS) [22]
and the Fatigue Impact Scale (FIS) [23] were administered to provide a comprehensive
assessment of fatigue severity. The CFQ assessed physical and psychological fatigue. It
consists of 11 items that could be divided to mental (4 items) and physical fatigue (7 items)
dimensions. Scoring was made in “Likert” style (in a range from 0 to 3) therefore the total
score could be 0 at minimum and 33 at maximum and from 0 to 12 in mental and from 0 to
21 points in physical dimension. Moreover, binary scoring of the total score (0 for absence
ad 1 for presence) was done. FSS assessed fatigue in the past week. It consists of nine
items that are statements. Patients could choose an option from strongly disagreeing with a
statement (1 point) to strongly agreeing with a particular statement (7 points). Total scores
ranged from 9 to 63 points. FIS assessed cognitive, physical, and psychosocial fatigue.
Higher scores indicate higher severity in all domains. Likert-like scoring with a range of
0–4 points per item was applied to 40 items in total. Therefore the total score could range
from 0 to 160 points. In all fatigue questionnaires, the higher the results in points, the more
severe fatigue.

The Hospital Anxiety and Depression Scale (HADS) was performed to assess anxiety
(HADS_A) and depression (HADS_D) symptoms intensity [19]. The Beck Depression
Inventory (BDI-II) was used to examine depression symptoms intensity [20]. Both scales
were used only at the baseline to exclude patients with depression.

The Epworth sleepiness scale (ESS) [24] was used to assess patients’ general daytime
sleepiness.

2.3. Autonomic Symptom Assessment

We used subjective and objective tools to measure the function of the autonomic
nervous system. The Autonomic Symptom Profile served to measure presence, frequency,
and dynamics of autonomic symptoms severity [25]. Scoring was done based on the
Composite Autonomic Symptom Score 31 (COMPASS 31) [26]. Questionnaire contains 31
items assessing six dimensions of autonomic nervous system function, namely response
to orthostatic stress, vasomotor and secretomotor reactions, function of, bladder and
gastrointestinal tract, as well as pupillomotor reflex. Scores from individual domains were
weighted. The total score is 100 points, the higher the score the higher the symptom load.
In addition, Orthostatic Grading scale (OGS) was used to assess response to orthostatic
stress [27].

Second, ANS functioning was automatically measured with a Task Force Monitor—
TFM (CNS Systems, Gratz, Austria). Signals from a three-channel ECG were analyzed
using the adaptive autoregressive model [28]. Low frequency (LFnu-RRI) (0.04–0.15 Hz)
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and high frequency (HFnu-RRI) (0.15–0.4 Hz) components of R-to-R intervals in normalized
units, as well as its ratio (LF/HR-RRI), were recorded and analyzed in rest. Assessments
were performed after a 5 min waiting period in a supine position, which allowed for signals
to stabilize. Then, an assessment at rest was performed in supine position for a further
5 min.

2.4. Arterial Stiffness

Arterial stiffness was measured using an oscillometric non-invasive Arteriograph
(TensioMed Kft, Budapest, Hungary, www.tensiomed.com, accessed on 18 March 2021).
This is a device that uses a simple upper arm cuff as a sensor, with the cuff pressurized to
at least 35 mmHg over the actual systolic pressure. The device determines the PWVaortic
and augmentation index according to the manufacturer’s instructions. Arteriograph mea-
surement has been described extensively in previous papers [29–31]. The Arteriograph,
simultaneously with the arterial stiffness parameters, also records the actual systolic and
diastolic blood pressure (BPs) and heart rate.

The difference between the central and peripheral systolic blood pressure was calcu-
lated based on measurement from arteriography and TFM, respectively.

2.5. Statistical Analysis

Histogram visual inspection and the Shapiro–Wilk test were applied to test the nor-
mality assumption. To examine between-group differences (patients with PEM vs. those
without) Mann–Whitney U or independent T-tests were used, depending on assumptions
met. To predict presence of PEM in examined patients, a logistic regression model using the
GLM function was applied in R. In addition, 95% confidence intervals for log-likelihoods
and odds ratios were calculated (confit function using bootstrap). The DescTools pack-
age was used to calculate pseudo R2 for the model [32]. Dotwhisker plots were used
to visualize odds ratios and confidence intervals [33]. Violin graphs were created us-
ing R [34] with a ggstatsplot library [35]. Effect sizes from the ggstatsplot library are
reported for between group comparisons. The false discovery rate (FDR) was controlled
using a Benjamini–Hochberg adjusted p-value, applying an online calculator available
at (https://tools.carbocation.com/FDR, accessed on 18 March 2021). The results contain
p-values before as well as after correction.

3. Results

One hundred and one patients met the Fukuda criteria for CFS and were included
in the analysis (Table 1). The patients were divided into groups with PEM or without
PEM. Eighty-two patients reported prolonged PEM, whilst nineteen patients were free of
prolonged PEM. Both groups consisted predominantly of women, comprising fifty-one
patients from PEM group (62.2%), and fourteen (73.7%) in the group without PEM. Table 1
describes detailed characteristics about the total group and group differences between the
patients with PEM and those without.

Table 2 presents differences in arteriography results between patients with PEM and
those without PEM. Table 3 indicates differences between patients with PEM and those
without PEM, in respect of autonomic nervous system function indicators.

Patients with PEM had higher overall fatigue, as measured by FIS (81.61 ± 30.3 vs.
63.05 ± 33.9, t = −2.19, p = 0.02, Hedges’ g = −0.57 (−1.07, −0.03), and higher mental
fatigue (9.13 ± 1.8 vs. 7.95 ± 2.2, Z = 2.18, p = 0.03, r = −0.22 (−0.39, −0.03) (Table 1). Mean
fatigue scores in the total sample were 23.68 points (range 0–33 points) in the CFQ scale,
47.03 points (range 9–63 points) in FSS, and 78.12 points (range 0–160 points) in FIS.

Patients with PEM had lower central systolic blood pressure than those without PEM
(127.49 ± 15 vs. 141.05 ± 21.1, Z = −2.37, p = 0.02, r = 0.24 (0.06, 0.44) (Table 2). No
significant differences in blood pressure measured peripherally were observed (Table 2).

Patients with PEM had higher LFnu-RRI (56.61 ± 16.7 vs. 46.64 ± 13.9, Z = 2.58, p =
0.01, r = −0.26 (−0.45, −0.06), lower HFnu-RRI (43.39 ± 16.7 vs. 53.36 ± 13.9, Z = -2.58, p =

www.tensiomed.com
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0.01, r = 0.26 (0.07, 0.44) and higher LF/HF-RRI (1.96 ± 2.2vs. 1.13 ± 0.9, Z = 2.37, p = 0.02,
r = −0.24 (−0.42, −0.06). Also, LF/HF was higher in patients with PEM (1.66 ± 1.5 vs. 0.94
± 0.5, Z = 2.96, p = 0.003, r = −0.29, (−0.45, −0.14). In addition, patients with PEM had
higher LFnu-dBP (53.88 ± 14.4 vs. 43.45 ± 13.8, Z = 2.69, p = 0.01, r = −0.27 (−0.47, −0.11)
and higher LF/HF-dBP (7.27 ± 6.0 vs. 4.32 ± 3.6, Z = 2.36, p = 0.02, r = −0.23, (−0.45,
−0.04) (Table 3).

Table 1. Demographic data of total examined sample (n = 101) and comparison of demographic data and questionnaires
results of patients with PEM and without PEM, respectively.

Variable Total
Sample PEM Mean ± SD Without PEM Mean ± SD p-Value FDR p-Value

Age [years] 38.15 ± 8.0 38.23 ± 8.1 37.79 ± 8.0 0.83 0.88
Height [cm] 171.55 ± 8.4 172.07 ± 8.7 169.32 ± 6.6 0.20 0.15
Weight [kg] 72.22 ± 12.6 72.77 ± 12.6 69.84 ± 12.5 0.36 0.61

BMI 24.47 ± 3.6 24.51 ± 3.5 24.31 ± 3.8 0.83 0.85
Symptoms duration [years] 4.54 ± 4.1 4.75 ± 4.2 3.64 ± 3.7 0.20 0.44

CFQ [points] 23.68 ± 4.6 24.07 ± 4.6 22.00 ± 4.4 0.08 0.21
CFQ_BINARY [points] 14.06 ± 4.8 14.49 ± 4.6 12.21 ± 5.1 0.07 0.22

CFQ_PHYSICAL [points] 10.47 ± 3.9 10.39 ± 4.0 10.79 ± 3.7 0.50 0.69
CFQ_MENTAL [points] 8.91 ± 2.0 9.13 ± 1.8 7.95 ± 2.2 0.03 0.11

FSS [points] 47.03 ± 10.1 47.57 ± 9.4 44.68 ± 12.8 0.46 0.68
FIS [points] 78.12 ± 31.6 81.61 ± 30.3 63.05 ± 33.9 0.02 0.09

HADS_A [points] 9.27 ± 3.5 9.22 ± 3.4 9.47 ± 4.2 0.78 0.87
HADS_D [points] 7.85 ± 3.4 8.00 ± 3.5 7.21 ± 2.9 0.36 0.63

BDI [points] 15.83 ± 7.9 16.15 ± 8.1 14.39 ± 6.9 0.57 0.75
ESS [points] 10.86 ± 5.6 11.01 ± 5.5 10.21 ± 6.3 0.65 0.78
OGS [points] 3.64 ± 3.2 3.71 ± 3.4 3.37 ± 2.5 0.98 0.98

Orthostatic intolerance
[points] 11.96 ± 11.0 12.24 ± 11.3 10.74 ± 10.0 0.67 0.77

Vasomotor [points] 0.83 ± 1.4 0.86 ± 1.4 0.70 ± 1.4 0.57 0.73
Secretomotor [points] 5.52 ± 3.9 5.64 ± 3.9 4.96 ± 3.9 0.49 0.70

Gastrointestinal [points] 5.09 ± 4.2 4.89 ± 4.1 5.97 ± 4.7 0.37 0.60
Bladder [points] 0.54 ± 0.9 0.57 ± 1.0 0.41 ± 0.8 0.60 0.74

Pupillomotor [points] 1.15 ± 1.2 1.22 ± 1.2 0.86 ± 0.9 0.38 0.59
Compass-31 Total [points] 25.09 ± 14.7 25.43 ± 15.0 23.64 ± 13.4 0.81 0.88

BMI—body mass index, CFQ—Chalder Fatigue Questionnaire, FSS—Fatigue Severity Scale, FIS—Fatigue Impact Scale, HADS_A—Hospital
Anxiety and Depression Scale anxiety, HADS_D—Hospital Anxiety and Depression Scale depression; BDI—Beck Depression Inventory,
ESS—Epworth Sleepiness Scale, OGS—Orthostatic Grading Scale, Compass-31—Composite Autonomic Symptom Score 31.

Table 2. Comparison of arteriography results of patients with PEM and without PEM.

Variable PEM Mean ± SD Without PEM Mean ± SD p-Value FDR p-Value

PWVaortic [m/s] 8.33 ± 1.7 8.65 ± 1.8 0.21 0.41
Aixaortic [%] 28.11 ± 14.4 32.95 ± 15.5 0.20 0.41

sBPaortic [mmHg] 127.49 ± 15 141.05 ± 21.1 0.02 0.12
central-peripheral sBP [mmHg] 9.56 ± 21.7 23.41 ± 25.7 0.06 0.20

PWVaortic—Pulse Wave Velocity aortic, sBPaortic—aortic systolic blood pressure, central-peripheral sBP—difference between central and
peripheral systolic blood pressure levels.
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Table 3. Comparison of autonomic parameters in patients with PEM and without PEM.

Variable PEM Mean ±
SD

Without PEM
Mean ± SD p-Value FDR p-Value

Spectral analysis of HR variability
LFnu-RRI 56.61 ± 16.7 46.64 ± 13.9 0.01 0.12
HFnu-RRI 43.39 ± 16.7 53.36 ± 13.9 0.01 0.19

LF/HF-RRI 1.96 ± 2.2 1.13 ± 0.9 0.02 0.08
LF/HF 1.66 ± 1.5 0.94 ± 0.5 0.003 0.11

Spectral analysis of BP variability
LFnu-dBP 53.88 ± 14.4 43.45 ± 13.8 0.01 0.09
HFnu-dBP 11.67 ± 7.3 18.20 ± 16.0 0.07 0.20

LF/HF-dBP 7.27 ± 6.0 4.32 ± 3.6 0.02 0.11
LFnu-sBP 42.86 ± 14.0 38.14 ± 13.7 0.19 0.44
HFnu-sBP 14.86 ± 9.3 18.74 ± 14.0 0.31 0.57

LF/HF-sBP 4.10 ± 2.8 3.02 ± 1.8 0.17 0.42
LFnu—low frequency normalized units, HFnu—high frequency normalized units, LF/HF—ratio of low frequency
to high frequency, RRR—R to R interval, sBP—systolic blood pressure, dBP—diastolic blood pressure.

Figure 1 presents differences between patients without PEM and patients with PEM
in the level of the CFQ mental fatigue sub-score (Figure 1a), aortic sBP (Figure 1b) and
sympathovagal balance (Figure 1c). This set of variables was then included in logistic
regression models as PEM presence predictors.
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Figure 2 shows the estimate of parameters and their confidence interval (−95%, 95%)
in logistic regression analysis. In terms of odds ratios, the results were as follows: for a
one point more increase in the mental fatigue component of the CFQ scale, the risk of
PEM increases by 34% (CI = 2%, 80%). For an aortic systolic blood pressure increase of
1 mmHg, the risk of PEM decreases by 5% (CI = 9%, 2%). For a one unit more increase
in sympathovagal balance, the risk of PEM increases by 330% (CI = 50%, 1516%). (AIC =
81.18, BIC = 91.6, Tjur’s R2 = 0.26) (Table A1 in Appendix A).

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 8 of 12 

 

 

Figure 2. Logistic regression estimates predicting PEM presence. The horizontal axis refers to the 

odds ratio. Dots denote parameter estimates, while the horizontal lines through the dots denote 

95% confidence intervals of the estimates. 

4. Discussion 

The results of the present study have shown that CFS patients with PEM had signif-

icantly higher mental fatigue, overall fatigue being measured by FIS, which was one of 

the three fatigue scales used in the above research. Moreover, patients with PEM had 

lower central systolic blood pressure. However, no difference in levels of peripheral blood 

pressure was observed. Higher mental fatigue is related to a higher risk of PEM, while 

higher central systolic blood pressure is related to lower risk of PEM. However, none of 

the between group differences were significant after FDR correction, and therefore con-

clusions should be treated with caution and replicated in further studies. 

As has been noted in the introduction, 73.4% assessed PEM duration as equal to or 

longer than 24 h [5]. As a result of the dramatic decline in patients’ physical and/or cogni-

tive functioning, some patients might have to adjust their lifestyle and activity levels to 

avoid inducing PEM [2]. Some 25–29% of patients are reported to be bedbound or house-

bound [2]. The annual cost of CFS in the USA is estimated to be around $18 to $24 billion 

[2]. PEM was proposed as a prognostic indicator of CFS course [2], so studies of PEM have 

high clinical significance. Exploration of the PEM mechanism could lead to more effective 

therapeutic approaches, and thus to improvement of overall patient function. 

The above findings are in line with previous research, which suggests that chronic 

vascular damage might cause a lack of exercise-induced vasodilation and be a potential 

cause of PEM [10]. In CFS, reduced blood pressure is frequently reported [36,37]. Addi-

tionally, an inverse relationship between increasing fatigue and diurnal blood pressure 

variation has been observed [38]. In our sample, despite a lack of difference in peripheral 

systolic blood pressure (with a mean lower than 120 mmHg in both groups), increased 

central systolic blood pressure was observed in patients with PEM. In certain conditions, 

such as during physical activity, the correlation between peripheral and central systolic 

blood pressure may decrease [38]. It is tempting to speculate that an increase in central 

systolic blood pressure in some CFS patients might occur before other pathological 

changes. Conversely, increased arterial stiffness was observed in healthy young adults in 

response to acute sleep deprivation. Arterial stiffness might therefore be secondary to 

comorbidities, such as sleep disturbance [39]. Further studies should examine the exact 

mechanism underlying the relationship between central systolic blood pressure, PEM fa-

tigue, and factors responsible for blood pressure regulation in CFS. As a result of the rich 

symptomatology, an attempt should be made to classify different subgroups of CFS pa-

tients according to comorbidities. Further studies could possibly focus on the vascular 

Figure 2. Logistic regression estimates predicting PEM presence. The horizontal axis refers to the odds ratio. Dots denote
parameter estimates, while the horizontal lines through the dots denote 95% confidence intervals of the estimates.

4. Discussion

The results of the present study have shown that CFS patients with PEM had sig-
nificantly higher mental fatigue, overall fatigue being measured by FIS, which was one
of the three fatigue scales used in the above research. Moreover, patients with PEM had
lower central systolic blood pressure. However, no difference in levels of peripheral blood
pressure was observed. Higher mental fatigue is related to a higher risk of PEM, while
higher central systolic blood pressure is related to lower risk of PEM. However, none of the
between group differences were significant after FDR correction, and therefore conclusions
should be treated with caution and replicated in further studies.

As has been noted in the introduction, 73.4% assessed PEM duration as equal to
or longer than 24 h [5]. As a result of the dramatic decline in patients’ physical and/or
cognitive functioning, some patients might have to adjust their lifestyle and activity levels
to avoid inducing PEM [2]. Some 25–29% of patients are reported to be bedbound or
housebound [2]. The annual cost of CFS in the USA is estimated to be around $18 to $24
billion [2]. PEM was proposed as a prognostic indicator of CFS course [2], so studies of
PEM have high clinical significance. Exploration of the PEM mechanism could lead to more
effective therapeutic approaches, and thus to improvement of overall patient function.

The above findings are in line with previous research, which suggests that chronic vas-
cular damage might cause a lack of exercise-induced vasodilation and be a potential cause
of PEM [10]. In CFS, reduced blood pressure is frequently reported [36,37]. Additionally, an
inverse relationship between increasing fatigue and diurnal blood pressure variation has
been observed [38]. In our sample, despite a lack of difference in peripheral systolic blood
pressure (with a mean lower than 120 mmHg in both groups), increased central systolic
blood pressure was observed in patients with PEM. In certain conditions, such as during
physical activity, the correlation between peripheral and central systolic blood pressure
may decrease [38]. It is tempting to speculate that an increase in central systolic blood
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pressure in some CFS patients might occur before other pathological changes. Conversely,
increased arterial stiffness was observed in healthy young adults in response to acute sleep
deprivation. Arterial stiffness might therefore be secondary to comorbidities, such as sleep
disturbance [39]. Further studies should examine the exact mechanism underlying the
relationship between central systolic blood pressure, PEM fatigue, and factors responsible
for blood pressure regulation in CFS. As a result of the rich symptomatology, an attempt
should be made to classify different subgroups of CFS patients according to comorbidities.
Further studies could possibly focus on the vascular system in all CFS patients, or perhaps
just in a specific sub-group. Further exploration of this field would be helpful to establish
possible personalized therapeutic approaches in CFS. In the present study, PEM presence
was related to a higher mental fatigue component. Moreover, our previous study has
shown that arterial stiffness parameters are related to fatigue severity; higher FIS and lower
FSS scores were related to lower aortic stiffness [13]. Presumably, some of the mechanisms
underlying this relationship could similarly link central blood pressure to PEM. Thus,
mental fatigue might be related to dysfunction in ß2 adrenergic receptor and vascular or
endothelial function, which in turn could lead to reduced cerebral blood flow (CBF) [40].
A decrease in CBF has been observed in CFS patients [41] and CBF has been shown to be
correlated with fatigue severity [42]. Significantly, a negative correlation was seen between
CBF and skeletal muscle pH at rest, which might explain why mental fatigue could be
related to muscular fatigue [43]. However, the mechanisms described above are purely
speculative and need to be examined in further studies.

In the current study, sympathetic nervous system function was more active during
rest in the group with PEM, compared with the group without PEM. Moreover, indicators
of parasympathetic nervous system activity were lower during rest. Findings in the
PEM group are in line with the previous study by Frith et al. [36], where LF-dBP at rest
was higher in a CFS group compared to controls. Parasympathetic activity was reduced
in the CFS patients after inducing PEM [44]. During physical exercise, cardiac output
distribution is governed by the sympathetic nervous system [45]. Surprisingly, in the PEM
group, increased sympathetic drive coexisted with lower central systolic blood pressure.
It is noteworthy that numerous factors can have an impact on the control of the ANS in
the constriction of vascular beds, individual vessels, and even different parts of the same
vessel [45]. Those factors include density and subtypes of adrenergic receptors and action of
contransmitters, norepinephrine kinetics, density of sympathetic innervations, and degree
of basal tone [45]. Additionally, local factors, such as the concentrations of vasoactive tissue
metabolites, vessel size, and structure may also play a part in changes in vessel diameter
and therefore in cardiac output distribution [45]. The disturbance in some of those factors
could play an important role in PEM pathogenesis. Similar mechanisms for PEM have
been proposed [40]. However, based on our findings, it is not possible to delineate the
exact mechanism underlying the observed disturbances in ANS and whether it is related to
PEM. Further studies should examine vascular function in response to stressors and its role
in PEM. Understanding PEM mechanisms could contribute to the development of specific
PEM therapy.

What is surprising is that the current results, corrected for multiple comparisons,
showed no significant differences between the subgroup with PEM and that without PEM,
in terms of fatigue as measured by scales. This is in contrast to a previous study, where
higher PEM intensity was related to higher frequency and intensity of symptoms, and
greater problems with emotional regulation [17]. However, discrepancies in the results
observed might be related to a difference in methodology. In the current study, the division
of CFS patients into PEM present or PEM absent subgroups was based on a binary variables
(presence of prolonged post-exertional malaise), while May et al. divided patients into a
group with no to moderate intensity of PEM (loPEM), and a group with severe to very
severe PEM (hiPEM) [17]. Future studies should further examine if PEM is a distinct
characteristic feature, on which basis a subgroup of CFS patients might be distinguished, or
whether PEM is related directionally or non-directionally to other symptoms from which
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CFS patients suffer. In addition, it was suggested that further multi-center studies on CFS
should apply the same protocols [46]. Therefore, it is necessary to make a decision as to
whether PEM should be a symptom required for CFS diagnosis, which would have an
impact on the types of criteria of CFS used in research.

Study Limitations

In the above study, PEM was measured subjectively. Further studies should incorpo-
rate a protocol based on repeated Cardiopulmonary Exercise Tests, to confirm objectively
the presence of PEM in CFS patients. A difference in sample size between the subgroup
with PEM and that without PEM was observed, which seems to reflect PEM prevalence
in the general population. By increasing the sample size, a higher number of patients
without PEM could be included as a control group. Sample size should therefore be in-
creased in further studies on PEM in CFS. Meta-analysis showed that PEM occurs 10.4
times more frequently in CFS patients in comparison with other groups [47]. Comparison
between patients with CFS might potentially reduce potentially confounding factors. The
present study design is cross sectional, so no conclusions about causality can be drawn
based on the current results. Further studies should explore the PEM mechanism applying
intervention-based protocols. In addition, to reveal potential biological mechanisms, a
deep phenotyping approach could be chosen, using a repeated CPET protocol to elicit PEM
and to examine changes in biomarkers related to changes in PEM.

5. Conclusions

Patients with PEM had significantly higher mental fatigue and overall fatigue than
those without PEM, as measured by FIS, one of the three fatigue scales used in the above
research. They also had higher mental fatigue and sympathetic activity compared with
parasympathetic activity during rest and lower central systolic blood pressure. However,
none of these differences remained statistically significant after correction for multiple
comparisons. Further studies should be conducted to confirm if higher mental fatigue and
higher sympathetic activity, compared with parasympathetic activity at rest and lower
central systolic blood pressure, are related to a higher risk of PEM.

Author Contributions: Conceptualization, S.K., J.S., L.H. and P.Z.; Formal analysis, S.K. and J.S.;
Investigation, J.S. and P.Z.; Methodology, J.S. and P.Z.; Project administration, J.S. and P.Z.; Software,
J.S. and S.K.; Supervision, P.Z., J.L.N.; Writing—original draft, S.K. and J.S.; Writing—review and
editing, L.H., D.F.H.P., M.M., P.Z., J.L.N. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Ethics Committee, Ludwik
Rydygier Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University, Torun (KB 332/2013,
date of approval: 25 June 2013).

Informed Consent Statement: Written informed consent was obtained from all participants.

Data Availability Statement: Individual data is available from the corresponding author S.K. on
request.

Acknowledgments: This article/publication is based upon work from COST Action CA15111 “Euro-
pean Network on Myalgic Encephalomyelitis/Chronic Fatigue Syndrome, EUROMENE,” supported
by COST (European Cooperation in Science and Technology, weblink: www.cost.eu, accessed on 18
March 2021.

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 10 of 12 

 

the presence of PEM in CFS patients. A difference in sample size between the subgroup 

with PEM and that without PEM was observed, which seems to reflect PEM prevalence 

in the general population. By increasing the sample size, a higher number of patients with-

out PEM could be included as a control group. Sample size should therefore be increased 

in further studies on PEM in CFS. Meta-analysis showed that PEM occurs 10.4 times more 

frequently in CFS patients in comparison with other groups [47]. Comparison between 

patients with CFS might potentially reduce potentially confounding factors. The present 

study design is cross sectional, so no conclusions about causality can be drawn based on 

the current results. Further studies should explore the PEM mechanism applying inter-

vention-based protocols. In addition, to reveal potential biological mechanisms, a deep 

phenotyping approach could be chosen, using a repeated CPET protocol to elicit PEM and 

to examine changes in biomarkers related to changes in PEM. 

5. Conclusions 

Patients with PEM had significantly higher mental fatigue and overall fatigue than 

those without PEM, as measured by FIS, one of the three fatigue scales used in the above 

research. They also had higher mental fatigue and sympathetic activity compared with 

parasympathetic activity during rest and lower central systolic blood pressure. However, 

none of these differences remained statistically significant after correction for multiple 

comparisons. Further studies should be conducted to confirm if higher mental fatigue and 

higher sympathetic activity, compared with parasympathetic activity at rest and lower 

central systolic blood pressure, are related to a higher risk of PEM. 

Author Contributions: Conceptualization, S.K., J.S., L.H. and P.Z.; Formal analysis, S.K. and J.S.; 

Investigation, J.S. and P.Z.; Methodology, J.S. and P.Z.; Project administration, J.S. and P.Z.; Soft-

ware, J.S. and S.K.; Supervision, P.Z., J.L.N.; Writing—original draft, S.K. and J.S.; Writing—review 

and editing, L.H., D.F.H.P., M.M., P.Z., J.L.N. All authors have read and agreed to the published 

version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The study was approved by the Ethics Committee, Ludwik 

Rydygier Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University, Torun (KB 332/2013, 

date of approval: 25 June 2013). 

Informed Consent Statement: Written informed consent was obtained from all participants. 

Data Availability Statement: Individual data is available from the corresponding author S.K. on 

request. 

Acknowledgments: This article/publication is based upon work from COST Action CA15111 “Eu-

ropean Network on Myalgic Encephalomyelitis/Chronic Fatigue Syndrome, EUROMENE,” sup-

ported by COST (European Cooperation in Science and Technology, weblink: www.cost.eu, ac-

cessed on 18 March 2021. 

 

Conflicts of Interest: The authors declare no conflict of interest 

Appendix A 

Table A1. Logistic regression predicting PEM presence. 

Term Estimate −95% CI 95% CI z Value p-Value 

CFQ_MENTAL_FATIGUE 0.29 0.02 0.59 2.02 0.04 

SBPaortic −0.05 −0.09 −0.02 −2.66 0.01 

LF/HF 1.46 0.43 2.78 2.45 0.01 

www.cost.eu


J. Clin. Med. 2021, 10, 2327 10 of 12

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Logistic regression predicting PEM presence.

Term Estimate −95% CI 95% CI z Value p-Value

CFQ_MENTAL_FATIGUE 0.29 0.02 0.59 2.02 0.04
SBPaortic −0.05 −0.09 −0.02 −2.66 0.01

LF/HF 1.46 0.43 2.78 2.45 0.01

References
1. Oosterwijck, J.V.; Marusic, U.; De Wandele, I.; Paul, L.; Meeus, M.; Moorkens, G.; Lambrecht, L.; Danneels, L.; Nijs, J. The Role of

Autonomic Function in Exercise-induced Endogenous Analgesia: A Case-control Study in Myalgic Encephalomyeli-tis/Chronic
Fatigue Syndrome and Healthy People. Pain Physician 2017, 20, E389–E399.

2. Committee on the Diagnostic Criteria for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; Board on the Health of Select
Populations; Institute of Medicine. Beyond Myalgic Encephalomyelitis/Chronic Fatigue Syndrome: Redefining an Illness. In The
National Academies Collection: Reports Funded by National Institutes of Health; National Academies Press: Washington, DC, USA,
2015; ISBN 9780309316897.

3. Carruthers, B.M.; Van De Sande, M.I.; De Meirleir, K.L.; Klimas, N.G.; Broderick, G.; Mitchell, T.; Staines, D.; Powles, A.C.P.;
Speight, N.; Vallings, R.; et al. Myalgic encephalomyelitis: International Consensus Criteria. J. Intern. Med. 2011, 270, 327–338.
[CrossRef]

4. Fukuda, K.; Straus, S.E.; Hickie, I.; Sharpe, M.C.; Dobbins, J.G.; Komaroff, A.; Schluederberg, A.; Jones, J.F.; Lloyd, A.R.; Wessely,
S.; et al. The Chronic Fatigue Syndrome: A Comprehensive Approach to Its Definition and Study. Ann. Int. Med. 1994, 121,
953–959. [CrossRef] [PubMed]

5. Cotler, J.; Holtzman, C.; Dudun, C.; Jason, L.A. A Brief Questionnaire to Assess Post-Exertional Malaise. Diagnostics 2018, 8, 66.
[CrossRef]

6. Hawk, C.; Jason, L.A.; Torres-Harding, S. Differential diagnosis of chronic fatigue syndrome and major depressive disorder. Int. J.
Behav. Med. 2006, 13, 244–251. [CrossRef]

7. Cotler, J.; Katz, B.Z.; Reurts-Post, C.; Vermeulen, R.; Jason, L.A. A hierarchical logistic regression predicting rapid respiratory
rates from post-exertional malaise. Fatigue Biomed. Health Behav. 2020, 17, 1–9. [CrossRef]

8. Strahler, J.; Fischer, S.; Nater, U.M.; Ehlert, U.; Gaab, J. Norepinephrine and epinephrine responses to physiological and
pharmacological stimulation in chronic fatigue syndrome. Biol. Psychol. 2013, 94, 160–166. [CrossRef]

9. Suárez, A.; Guillamó, E.; Roig, T.; Blázquez, A.; Alegre, J.; Bermúdez, J.; Ventura, J.L.; García-Quintana, A.M.; Comella, A.; Segura,
R.; et al. Nitric Oxide Metabolite Production During Exercise in Chronic Fatigue Syndrome: A Case-Control Study. J. Womens
Health 2010, 19, 1073–1077. [CrossRef] [PubMed]

10. Bond, J.; Nielsen, T.; Hodges, L. Effects of Post-Exertional Malaise on Markers of Arterial Stiffness in Individuals with Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome. Int. J. Environ. Res. Public Health 2021, 18, 2366. [CrossRef]

11. Sutton-Tyrrell, K.; Najjar, S.S.; Boudreau, R.M.; Venkitachalam, L.; Kupelian, V.; Simonsick, E.M.; Havlik, R.; Lakatta, E.G.;
Spurgeon, H.; Kritchevsky, S.; et al. Elevated Aortic Pulse Wave Velocity, a Marker of Arterial Stiffness, Predicts Cardiovascular
Events in Well-Functioning Older Adults. Circulation 2005, 111, 3384–3390. [CrossRef] [PubMed]

12. Allen, J.; Murray, A.; Di Maria, C.; Newton, J.L. Chronic fatigue syndrome and impaired peripheral pulse characteristics on
orthostasis–A new potential diagnostic biomarker. Physiol. Meas. 2012, 33, 231–241. [CrossRef] [PubMed]

13. Słomko, J.; Estévez-López, F.; Kujawski, S.; Zawadka-Kunikowska, M.; Tafil-Klawe, M.; Klawe, J.J.; Morten, K.J.; Szrajda, J.;
Murovska, M.; Newton, J.L.; et al. Autonomic Phenotypes in Chronic Fatigue Syndrome (CFS) are Associated with Illness
Severity: A Cluster Analysis. J. Clin. Med. 2020, 9, 2531. [CrossRef] [PubMed]

14. Hunter, G.R.; Neumeier, W.H.; Bickel, C.S.; McCarthy, J.P.; Fisher, G.; Chandler-Laney, P.C.; Glasser, S.P. Arterial Elasticity,
Strength, Fatigue, and Endurance in Older Women. BioMed. Res. Int. 2014, 2014, 1–8. [CrossRef] [PubMed]

15. Maes, M.; Twisk, F.N.M.; Johnson, C. Myalgic Encephalomyelitis (ME), Chronic Fatigue Syndrome (CFS), and Chronic Fatigue
(CF) are distinguished accurately: Results of supervised learning techniques applied on clinical and inflammatory data. Psychiatry
Res. 2012, 200, 754–760. [CrossRef] [PubMed]

16. Carruthers, B.M.; Jain, A.K.; De Meirleir, K.L.; Peterson, D.L.; Klimas, N.G.; Lerner, A.M.; van de Sande, M.I. Myalgic en-
cephalomyelitis/chronic fatigue syndrome: Clinical working case definition, diagnostic and treatment protocols. J. Chronic
Fatigue Syndr. 2003, 11, 7–115. [CrossRef]

17. May, M.; Milrad, S.F.; Perdomo, D.M.; Czaja, S.J.; Fletcher, M.A.; Jutagir, D.R.; Hall, D.L.; Klimas, N.; Antoni, M.H. Post-exertional
malaise is associated with greater symptom burden and psychological distress in patients diagnosed with Chronic Fatigue
Syndrome. J. Psychosom. Res. 2020, 129, 109893. [CrossRef]

http://doi.org/10.1111/j.1365-2796.2011.02428.x
http://doi.org/10.7326/0003-4819-121-12-199412150-00009
http://www.ncbi.nlm.nih.gov/pubmed/7978722
http://doi.org/10.3390/diagnostics8030066
http://doi.org/10.1207/s15327558ijbm1303_8
http://doi.org/10.1080/21641846.2020.1845287
http://doi.org/10.1016/j.biopsycho.2013.06.002
http://doi.org/10.1089/jwh.2008.1255
http://www.ncbi.nlm.nih.gov/pubmed/20469961
http://doi.org/10.3390/ijerph18052366
http://doi.org/10.1161/CIRCULATIONAHA.104.483628
http://www.ncbi.nlm.nih.gov/pubmed/15967850
http://doi.org/10.1088/0967-3334/33/2/231
http://www.ncbi.nlm.nih.gov/pubmed/22273713
http://doi.org/10.3390/jcm9082531
http://www.ncbi.nlm.nih.gov/pubmed/32764516
http://doi.org/10.1155/2014/501754
http://www.ncbi.nlm.nih.gov/pubmed/24511534
http://doi.org/10.1016/j.psychres.2012.03.031
http://www.ncbi.nlm.nih.gov/pubmed/22521895
http://doi.org/10.1300/J092v11n01_02
http://doi.org/10.1016/j.jpsychores.2019.109893


J. Clin. Med. 2021, 10, 2327 11 of 12

18. Jason, L.A.; Evans, M.; So, S.; Scott, J.; Brown, A. Problems in Defining Post-Exertional Malaise. J. Prev. Interv. Community 2015, 43,
20–31. [CrossRef]

19. Zigmond, A.S.; Snaith, R.P. The Hospital Anxiety and Depression Scale. Acta Psychiatr. Scand. 1983, 67, 361–370. [CrossRef]
[PubMed]

20. Beck, A.T.; Steer, R.A.; Ball, R.; Ranieri, W.F. Comparison of Beck Depression Inventories-IA and-II in Psychiatric Outpatients. J.
Pers. Assess. 1996, 67, 588–597. [CrossRef]

21. Morriss, R.; Wearden, A.; Mullis, R. Exploring the validity of the chalder fatigue scale in chronic fatigue syndrome. J. Psychosom.
Res. 1998, 45, 411–417. [CrossRef]

22. Valko, P.O.; Bassetti, C.L.; Bloch, K.E.; Held, U.; Baumann, C.R. Validation of the Fatigue Severity Scale in a Swiss Cohort. Sleep
2008, 31, 1601–1607. [CrossRef] [PubMed]

23. Frith, J.; Newton, J. Fatigue Impact Scale. Occup. Med. 2010, 60, 159. [CrossRef] [PubMed]
24. Johns, M.W. A New Method for Measuring Daytime Sleepiness: The Epworth Sleepiness Scale. Sleep 1991, 14, 540–545. [CrossRef]

[PubMed]
25. Suarez, G.A.; Opfer-Gehrking, T.L.; Offord, K.P.; Atkinson, E.J.; O’Brien, P.C.; Low, P.A. The Autonomic Symptom Profile: A new

instrument to assess autonomic symptoms. Neurology 1999, 52, 523. [CrossRef] [PubMed]
26. Sletten, D.M.; Suarez, G.A.; Low, P.A.; Mandrekar, J.; Singer, W. COMPASS 31: A Refined and Abbreviated Composite Autonomic

Symptom Score. Mayo Clin. Proc. 2012, 87, 1196–1201. [CrossRef] [PubMed]
27. Kim, H.-A.; Lee, H.; Park, K.-J.; Lim, J.-G. Autonomic dysfunction in patients with orthostatic dizziness: Validation of orthostatic

grading scale and comparison of Valsalva maneuver and head-up tilt testing results. J. Neurol. Sci. 2013, 325, 61–66. [CrossRef]
28. Bianchi, A.M.; Mainardi, L.T.; Meloni, C.; Chierchiu, S.; Cerutti, S. Continuous monitoring of the sympatho-vagal balance through

spectral analysis. IEEE Eng. Med. Biol. Mag. 1997, 16, 64–73. [CrossRef]
29. Németh, Z.; Móczár, K.; Deák, G. Evaluation of the Tensioday ambulatory blood pressure monitor according to the protocols of

the British Hypertension Society and the Association for the Advancement of Medical Instrumentation. Blood Press. Monit. 2002,
7, 191–197. [CrossRef]

30. Ring, M.; Eriksson, M.J.; Zierath, J.R.; Caidahl, K. Arterial stiffness estimation in healthy subjects: A validation of oscillometric
(Arteriograph) and tonometric (SphygmoCor) techniques. Hypertens. Res. 2014, 37, 999–1007. [CrossRef]

31. Horvath, I.G.; Nemeth, A.; Lenkey, Z.; Alessandri, N.; Tufano, F.; Kis, P.; Gaszner, B.; Cziraki, A. Invasive validation of a new
oscillometric device (arteriogrph) for measuring augmentation index, central blood pressure and aortic pulse wave velocity. J
Hypertens. 2010, 28, 2068–2075. [CrossRef]

32. Andri, S.; Ken, A.; Andreas, A.; Nanina, A.; Tomas, A.; Chandima, A.; Antti, A.; Adrian, B.; Kamil, B.; Ben, B.; et al. DescTools:
Tools for Descriptive Statistics. R package version 0.99.36. 2020. Available online: https://cran.r-project.org/package=DescTools
(accessed on 12 March 2021).

33. Solt, F.; Hu, Y. Dotwhisker: Dot-and-Whisker Plots of Regression Results. The Comprehensive R ArchiveNetwork (CRAN). 2015.
Available online: https://cran.r-project.org/web/packages/dotwhisker/vignettes/dotwhisker-vignette.html (accessed on 18
March 2021).

34. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2013; Available online: http://www.R-project.org/ (accessed on 12 March 2021).

35. Patil, I.; Powell, C. Ggstatsplot: ‘ggplot2’ Based Plots with Statistical Details. 2018. Available online: https://CRAN.R-project.
org/package=ggstatsplot (accessed on 12 March 2021).

36. Frith, J.; Zalewski, P.; Klawe, J.J.; Pairman, J.; Bitner, A.; Tafil-Klawe, M.; Newton, J.L. Impaired blood pressure variability in
chronic fatigue syndrome—a potential biomarker. QJM Int. J. Med. 2012, 105, 831–838. [CrossRef] [PubMed]

37. Newton, J.L.; Sheth, A.; Shin, J.; Pairman, J.; Wilton, K.; Burt, J.A.; Jones, D.E.J. Lower Ambulatory Blood Pressure in Chronic
Fatigue Syndrome. Psychosom. Med. 2009, 71, 361–365. [CrossRef] [PubMed]

38. Wilkinson, I.B.; Maccallum, H.; Flint, L.; Cockcroft, J.R.; Newby, D.E.; Webb, D.J. The influence of heart rate on augmentation
index and central arterial pressure in humans. J. Physiol. 2000, 525, 263–270. [CrossRef]

39. Sunbul, M.; Kanar, B.G.; Durmus, E.; Kivrak, T.; Sari, I. Acute sleep deprivation is associated with increased arterial stiffness in
healthy young adults. Sleep Breath. 2013, 18, 215–220. [CrossRef] [PubMed]

40. Wirth, K.; Scheibenbogen, C. A Unifying Hypothesis of the Pathophysiology of Myalgic Encephalomyelitis/Chronic Fatigue
Syndrome (ME/CFS): Recognitions from the finding of autoantibodies against ß2-adrenergic receptors. Autoimmun. Rev. 2020, 19,
102527. [CrossRef]

41. Yoshiuchi, K.; Farkas, J.; Natelson, B.H. Patients with chronic fatigue syndrome have reduced absolute cortical blood flow. Clin.
Physiol. Funct. Imaging 2006, 26, 83–86. [CrossRef]

42. Boissoneault, J.; Letzen, J.; Robinson, M.; Staud, R. Cerebral blood flow and heart rate variability predict fatigue severity in
patients with chronic fatigue syndrome. Brain Imaging Behav. 2018, 13, 789–797. [CrossRef] [PubMed]

43. He, J.; Hollingsworth, K.G.; Newton, J.L.; Blamire, A.M. Cerebral vascular control is associated with skeletal muscle pH in chronic
fatigue syndrome patients both at rest and during dynamic stimulation. NeuroImage Clin. 2013, 2, 168–173. [CrossRef]

44. Cvejic, E.; Sandler, C.X.; Keech, A.; Barry, B.K.; Lloyd, A.R.; Vollmer-Conna, U. Autonomic nervous system function, activity
patterns, and sleep after physical or cognitive challenge in people with chronic fatigue syndrome. J. Psychosom. Res. 2017, 103,
91–94. [CrossRef]

http://doi.org/10.1080/10852352.2014.973239
http://doi.org/10.1111/j.1600-0447.1983.tb09716.x
http://www.ncbi.nlm.nih.gov/pubmed/6880820
http://doi.org/10.1207/s15327752jpa6703_13
http://doi.org/10.1016/S0022-3999(98)00022-1
http://doi.org/10.1093/sleep/31.11.1601
http://www.ncbi.nlm.nih.gov/pubmed/19014080
http://doi.org/10.1093/occmed/kqp180
http://www.ncbi.nlm.nih.gov/pubmed/20157190
http://doi.org/10.1093/sleep/14.6.540
http://www.ncbi.nlm.nih.gov/pubmed/1798888
http://doi.org/10.1212/WNL.52.3.523
http://www.ncbi.nlm.nih.gov/pubmed/10025781
http://doi.org/10.1016/j.mayocp.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23218087
http://doi.org/10.1016/j.jns.2012.11.019
http://doi.org/10.1109/51.620497
http://doi.org/10.1097/00126097-200206000-00008
http://doi.org/10.1038/hr.2014.115
http://doi.org/10.1097/HJH.0b013e32833c8a1a
https://cran.r-project.org/package=DescTools
https://cran.r-project.org/web/packages/dotwhisker/vignettes/dotwhisker-vignette.html
http://www.R-project.org/
https://CRAN.R-project.org/package=ggstatsplot
https://CRAN.R-project.org/package=ggstatsplot
http://doi.org/10.1093/qjmed/hcs085
http://www.ncbi.nlm.nih.gov/pubmed/22670061
http://doi.org/10.1097/PSY.0b013e31819ccd2a
http://www.ncbi.nlm.nih.gov/pubmed/19297309
http://doi.org/10.1111/j.1469-7793.2000.t01-1-00263.x
http://doi.org/10.1007/s11325-013-0873-9
http://www.ncbi.nlm.nih.gov/pubmed/23852444
http://doi.org/10.1016/j.autrev.2020.102527
http://doi.org/10.1111/j.1475-097X.2006.00649.x
http://doi.org/10.1007/s11682-018-9897-x
http://www.ncbi.nlm.nih.gov/pubmed/29855991
http://doi.org/10.1016/j.nicl.2012.12.006
http://doi.org/10.1016/j.jpsychores.2017.10.010


J. Clin. Med. 2021, 10, 2327 12 of 12

45. Thomas, G.D. Neural control of the circulation. Adv. Physiol. Educ. 2011, 35, 28–32. [CrossRef]
46. Estévez-López, F.; Mudie, K.; Wang-Steverding, X.; Bakken, I.J.; Ivanovs, A.; Castro-Marrero, J.; Nacul, L.; Alegre, J.; Zalewski, P.;

Słomko, J.; et al. Systematic Review of the Epidemiological Burden of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
Across Europe: Current Evidence and EUROMENE Research Recommendations for Epidemiology. J. Clin. Med. 2020, 9, 1557.
[CrossRef] [PubMed]

47. Brown, A.; Jason, L.A. Meta-analysis investigating post-exertional malaise between patients and controls. J. Health Psychol. 2020,
25, 2053–2071. [CrossRef] [PubMed]

http://doi.org/10.1152/advan.00114.2010
http://doi.org/10.3390/jcm9051557
http://www.ncbi.nlm.nih.gov/pubmed/32455633
http://doi.org/10.1177/1359105318784161
http://www.ncbi.nlm.nih.gov/pubmed/29974812

	Introduction 
	Materials and Methods 
	Enrolment 
	Measurement 
	Autonomic Symptom Assessment 
	Arterial Stiffness 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	
	References

