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Abstract: This study evaluates whether the cardiac autonomic response to head-up tilt test (HUTT)
differs between patients with relapsing-remitting multiple sclerosis (RRMS) and those with progressive
MS (PMS) as compared to healthy controls (HC). Baroreflex sensitivity, cardiac parameters, heart rate
(HRV) and blood pressure variability (BPV) were compared between 28 RRMS, 21PMS and 25 HC
during HUTT. At rest, PMS patients had higher values of the sympathovagal ratio, a low-frequency
band HRV (LFnu-RRI) and lower values of parasympathetic parameters (HFnu-RRI, HF-RRI)
compared to RRMS and HC. Resting values of cardiac parameters were significantly lower in
RRMS compared to PMS patients. No intergroup differences were observed for post-tilt cardiac
and autonomic parameters, except for delta HF-RRI with lower values in the PMS group. The MS
variant corrected for age, sex and Expanded Disability Status Scale (EDSS) score was an independent
predictor of changes in the sympathovagal ratio as measured by HRV. Furthermore, a higher overall
EDDS score was related to a higher sympathovagal ratio, lower parasympathetic parameters at
rest, and decrease post-tilt changes of the sympathovagal ratio of sBP BPV. Autonomic imbalance is
markedly altered in the MS patient group compared to control changes were most pronounced in the
progressive variant of MS disease. The MS variant appeared to have a potential influence on cardiac
autonomic imbalance at rest.

Keywords: multiple sclerosis; clinical variant; heart rate variability; blood pressure variability;
sympathovagal ratio; cardiac autonomic imbalance

1. Introduction

Multiple sclerosis (MS) is a chronic disorder characterized by autoimmune inflammation
coupled to demyelination and followed later by central nervous system (CNS) neurodegeneration [1].
The differentiation between the relapsing-remitting phase (determined by partial or complete recovery)
and the progressive phase, which is associated with steady progression in neurologic disability, can be
challenging. Some studies indicate that up to 50% of relapsing-remitting MS (RRMS) patients will
experience conversion to secondary progressive MS (SPMS) on average between 19 and 25 years after
onset of the disease [2,3]. In addition, from onset, the course of primary progressive MS (PPMS) is
associated with a worse prognosis than RRMS and SPMS [4,5].
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Although reports related to the disease course in patients with MS are increasing, the nature of
autonomic dysfunction (AD) seen frequently in MS remains unclear. It is well established that autonomic
nervous system (ANS) impairment contributes to long-term disability in MS patients, but it is still not
clear whether autonomic dysfunction results from damage to the central autonomic network (CAN)
or whether additional immune-mediated peripheral, pathophysiology [6–8]. The interrelationship
between AD and the clinical features of MS has been documented in several studies [9–11]. For example,
disease activity in clinical relapses seems to be associated with sympathetic dysfunction, whereas
disease progression could be linked with parasympathetic nervous system dysfunction, particularly in
advanced stages of the disease [8]. Others suggest that sympathetic dysfunction is closely related to
progression in clinical disability and autonomic imbalance in the progressive phenotype of MS [10].
Autonomic dysfunction induced by MS involves sympathovagal imbalance which leads to a higher
incidence of cardiovascular disease morbidity [12,13]. A meta-analysis from 2015 reported the
prevalence of cardiac AD as either 42% or 19%, depending on whether one or at least two abnormal
autonomic test results were used to define AD [6]. Some reports have indicated that cardiac AD is
altered more in patients with progressive MS than in relapsing-remitting RR [9,10,14]. Cardiac AD may
include baroreflex dysfunction with orthostatic hypotension (OH), postural tachycardia syndrome
(POTS), or decreased heart rate (HRV) and blood pressure variability (BPV) which is associated with
reduced life expectancy [15]. Hence, it is important to know if cardiovascular AD is subtle or clinically
relevant. Spectral analysis of beat-to-beat BPV and HRV are increasingly recognized as sensitive tools
of cardiovascular autonomic regulation in patients with neurological diseases [16].

We hypothesized that imbalance in sympathetic and parasympathetic cardiac modulation may
be related to clinical features of multiple sclerosis (MS), in particular disease disability (Expanded
Disability Status Scale (EDSS) score), disease duration and a clinical variant of the disease. This study
evaluates whether cardiac autonomic response to head-up tilt test (HUTT) differs between patients
with relapsing-remitting (RRMS) and those with progressive MS (PMS) as compared to healthy
controls (HC).

2. Experimental Section

2.1. Participants

Forty-nine patients with MS and 25 age-matched healthy controls (HC) were compared in this
study. Data collection was conducted between 2017 and 2019. Depending on the time the diagnosis
was established, the McDonald’s criteria and Polman et al.’s criteria were applied [17,18]. The clinical
course of MS was determined in accordance with the Lublin and Reingold consensus [19]. The MS
patients were divided into two groups: relapsing-remitting (RRMS) and progressive (PMS), with the
PMS group including patients with PPMS and SPMS. The patients’ disability was evaluated according
to the Kurtzke Expanded Disability Status Scale (EDSS) [20]. Using the EDSS, patients with mild
(EDSS ≤ 3.5), moderate (4.0 ≤ EDSS ≤ 5.5) and severe disability (EDSS ≥ 6.0) were distinguished. EDSS
is the most widely used scale to describe the disability as well as disease progression of MS patients.
EDSS scores range from 0 to 10 in 0.5 step intervals, with 0 indicating no disability, and 10 denoting
death from MS. At a mild disability level, the EDSS score is determined by neurological examination
and includes only subjects with unrestricted ambulation. Patients with a moderate disability level
usually have some distance limitation but without aid and those with severe disability always require
walking assistance [20,21].

The inclusion criteria for patients with MS were: confirmed diagnosis of MS, EDSS score less than
7 and no clinical relapses within 90 days prior to the study. Subjects with any other diseases affecting
autonomic function including ischemic heart disease, hypertension, hypothyroidism, hyperthyroidism,
diabetes mellitus and treatment with beta-blockers, anticholinergic or antiarrhythmic were excluded
from the study. Controls were recruited from the local community of Bydgoszcz, Poland. Controls
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who manifested central or peripheral nervous system lesions and any other disease known to affect the
autonomic nervous system were excluded.

The study protocol was approved by the Bioethical Committee of Collegium Medicum in
Bydgoszcz, Nicolaus Copernicus University in Torun (KB 747/2017). All participants participated
voluntarily and gave their written informed consent according to the declaration of Helsinki.

2.2. Cardiac and Autonomic Measures

All measurements were performed under standardized conditions meeting criteria for functional
testing of the ANS, between 08:00 a.m. and 12:00 p.m [22,23]. The study room was quiet and darkened,
and the air conditioning system maintained a stable temperature (22 ± 1 ◦C) and air humidity. Subjects
were asked to refrain from drinking coffee, smoking, alcohol and exercise for at least 12 h prior to the
study. All measurements were assessed in a supine position for 15 min and during the head-up tilt
test, using a 70◦ angle of tilt for 5 min. Cardiac and autonomic measurements were calculated from
data acquired noninvasively with a Task Force Monitor System (TFM, CNSystems, Medizintechnik,
Graz, Austria).

The heart rate (HR) was measured with an electrocardiogram (ECG), while beat-to-beat systolic
(sBP) and diastolic blood pressure (dBP) were measured in the right arm by a vascular unloading
technique that was compared automatically to the oscillometric blood pressure measured on the
contralateral arm [24]. The TFM software evaluated power spectral analysis for heart rate variability
(HRV) and blood pressure variability (BPV) via the adaptive autoregressive model (AAR) proposed
by Bianchi et al. [25] using a recursive least-squares algorithm [26]. All functions of the TFM were
validated and successfully used in a number of clinical studies [24,25,27]. HRV and BPV have become
substantial diagnostic tools for the detection of cardiovascular autonomic regulation in neurological
diseases [7,10,16,25,28].

TFM calculates total power spectral density (PSD) and three main frequency bands:
very-low-frequency (VLF), low-frequency (LF) and high-frequency (HF); however, only two of
these were considered as there were short-term autonomic regulations of beat-to-beat HR and BP
signals. The LF band (LF 0.05–015 Hz) and HF band (HF 0.15–0.4 Hz) were calculated in both absolute
values and normalized units (LFnu-RRI, HFnu-RRI for heart rate variability and LFnu-sBP, HFnu-sBP,
LFnu-dBP and HFnu-dBP for systolic and diastolic blood pressure variability) [29]. Keeping in
mind the limitations of spectral analysis in quantifying autonomic nervous system tone by power
spectral densities, the LF band reflected the combined sympathetic and parasympathetic modulation
of the sinoatrial (SA) node and vasomotor function, while the HF band referred to parasympathetic
modulation of cardiac activity. Frequency-domain parameters, such as PSD, LF and HF, were considered
to be reliable markers of autonomic regulation. The ratio between LF and HF bands (LF/HF ratio) for
HRV and BPV represented the sympathetic–parasympathetic balance [29]. Baroreceptor sensitivity
(BRS) was calculated using the spontaneous sequence method as the slope of the linear regression
between beat-to-beat sBP values (mmHg) [27].

Short-term HRV analyses have different advantages and disadvantages. The advantages of
short-term HRV analysis include: dynamic HRV change within a short period; shorter time for data
processing compared to long-term analysis; and convenience in controlling the confounding factors
such as body position, physical activity and respiration. Short-term frequency HRV analysis may not
be stable due to the constant fluctuation of recordable signals [29,30]. In our study, HRV and BPV
data were exported from the Task Force Monitor program into Microsoft Excel for further analysis.
All data were then imported into Statistica 13. The AAR model may produce outliers when analyzing
RR intervals, thus all HR beat-to-beat data were filtered using Grubbs’s test for outliers’ elimination.
This method of filtering is well-documented and has a strong mathematical background) [31].

The diagnosis of POTS was made if there was an increase in HR during a maximum of 10 min of
upright tilt of at least 30 beats per minute (bpm), in the absence of either classical or delayed orthostatic
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hypotension. Orthostatic hypotension (OH) was defined as a drop in blood pressure (BP) of at least
20 mm Hg for sBP or 10 mm Hg for dBP within 3 min during a head-up tilt test [32].

2.3. Statistical Analysis

All data are presented as mean ± SD. The normal distribution of the study variables was verified
with the Shapiro-Wilk test. Differences in the distribution of qualitative variables were determined
with the X2-test, while the differences in quantitative variables were determined with the use of a
parametric t-test or a nonparametric Mann-Whitney test. Multiple comparisons were performed by
analysis of variance, followed by Tukey’s HSD test or by the Kruskal-Wallis rank-sum test. The strength
and significance of the correlation between selected variables were calculated using the nonparametric
Spearman’s test. The multiple regression model, based on four predictors (age, sex, EDSS and MS
variant (RRMS or PMS)), was also used in order to determine significant predictors for HRV and BPV
variables. The level of significance for all tests was set at p < 0.05.

3. Results

In the group of MS patients, the mean age was 46.3 ± 10.47 years (range: 23–67) and 79.6% were
female (39 female, 10 male). Patient disability evaluated on the EDSS scale ranged from 0.5 to 7 points
patient disability status which indicates mild disease for the majority of patients (53.6%), through
moderate (28.6%) to severe (18.4%). Out of 49 MS patients, relapsing-remitting (RRMS) and progressive
variants (PPMS and SPMS) of the disease were observed in 59.2% and 40.8% (6.1% and 34.7%) patients,
respectively. Patients in the RRMS group compared to the PMS group were significantly younger
(41.3 ± 10 vs. 52.9 ± 8.1, p < 0.001), had a shorter disease duration (8.3 ± 6.7 vs. 12.5 ± 7.4, p < 0.043)
and lower EDSS values (2.3 ± 1.5 vs. 5.0 ± 1.0, p < 0.001), respectively. There were significant sex
differences between the RRMS (1 male, 27 female) and PMS groups (9 male, 12 female), respectively.
A total of 13 patients (26.5%) received immunomodulatory drugs (IMDs): eight interferon-beta,
four glatiramer acetate and one natalizumab. Among the MS patients, the autonomic symptoms were
most commonly manifested as orthostatic disorders (65.3%), followed by vertigo (60.2%), pupillomotor
disorders (53.1%), sleep disorders (46.9%) and urinary bladder dysfunctions (42.8%). MS patients had
a significantly higher frequency of orthostatic disorders, vertigo, thermoregulatory disorders, episodes
of stomach ache, postmeal symptoms, diarrhea, urinary bladder dysfunctions, sexual dysfunctions,
sleep disorders and pupillary disorders, as compared to the control group, p < 0.05 (Table 1).

Table 1. Subjects characteristics.

MS Patients HC p-Value

Number of subjects 49 25
Age (years) 46.0 ± 11.0 42.3 ± 12.4 0.164
Sex (male/female) 10/39 5/20 0.967
MS variant, n (%)
RRMS 28 (57.1%)
SPMS 17 (34.7%)
PPMS 4 (6.1%)
Disease duration (years), mean
(range) 10.1 ± 7.2 (0.5–28)

EDSS score 3.5 ± 1.0 (0.5–7)
Mild 26 (53.6%)
Moderate 14 (28.6%)
Severe 9 (18.4%)
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Table 1. Cont.

MS Patients HC p-Value

Localization of the First
Demyelinating Lesions, n (%)
Supratentorial and optic nerves 32 (65.3%)
Spinal cord 12 (24.5%)
Cerebellum 4 (8.2%)
Brain stem 1 (2.0%)
Autonomic symptoms, n (%)
Orthostatic disorders 32 (65.3%) 3 (12.0%) <0.001
Vertigo 30 (61.2%) 1 (4.0%) <0.001
Arrhythmia 13 (26.5%) 3 (12.0%) 0.150
Vasomotor disorders 8 (17.0%) 4 (16%) 0.911
Secretory disorders 10 (20.4%) 1 (4.0%) 0.060
Thermoregulatory disorders 17 (34.7%) 1 (4.0%) 0.036
Stomach ache 17 (34.6%) 1 (4.0%) 0.047
Constipation 8 (16.3%) 4 (16.0%) 0.971
Diarrhea 21 (42.9%) 1 (4%) <0.001
Postmeal symptoms 7 (14.3%) 1 (4%) 0.047
Urinary bladder dysfunctions 21 (42.9%) 1 (4%) <0.001
Sexual dysfunction 15 (30.6%) 0 (0%) 0.008
Sleep disorders 23 (46.9%) 5 (20.0%) 0.023
Pupillary disorders 26 (53.1%) 1 (4%) <0.001

Multiple sclerosis (MS), healthy controls (HC), relapsing-remitting (RRMS), secondary progressive MS (SPMS),
primary progressive MS (PPMS), Expanded Disability Status Scale (EDSS).

3.1. Cardiac and Autonomic Assessment: Comparisons MS and Control Group

The majority (96%) of MS subjects had normal heart and blood pressure responses to standing.
Only two MS patients (4.1%) had POTS and two (4.1%) OH (Table 2). At rest, the MS patients and
controls had comparable values of HR and BP, and no significant differences in cardiac parameters
were observed among the two groups (p > 0.05; Table 3). In addition, LFnu-RRI (p = 0.038), LF/HF-RRI
(p = 0.029) and LF/HF ratio (p = 0.042) were found to be significantly higher in MS subjects compared
to the control group. MS patients were characterized by significantly lower values associated with
parasympathetic activity, i.e., HFnu-RRI (p = 0.04) and HFnu-dBP (p = 0.049). In contrast, no significant
differences were observed between the groups in other sBPV, dBPV and BRS parameters (p > 0.05;
Table 3). No intergroup differences were observed for post-tilt cardiac and ANS parameters, except for
delta LF-sBP (p = 0.047) and delta HF-sBP (p = 0.04).

Table 2. Cardiac autonomic tests: comparisons multiple sclerosis (MS) and control group.

Group MS HC

Cardiac autonomic tests n (%) n (%)
Blood pressure response to
standing (fall in BP in mmHg)
Normal 47 (96%) 25 (100%)
Abnormal (OH) 2 (4%) 0 (0%)
Heart rate response to standing
(increase in HR in bpm/min)
Normal 47 (96%) 25 (100%)
Abnormal (POTS) 2 (4%) 0 (0%)

Multiple sclerosis (MS), healthy controls (HC), orthostatic hypotension (OH), postural tachycardia syndrome (POTS).



J. Clin. Med. 2020, 9, 3176 6 of 16

Table 3. Mean ± SD of resting and during tilt test cardiac autonomic measures for patients with MS
and healthy controls (HC).

Group MS HC MS HC

Baseline Delta (change baseline-tilt)
Cardiac data

HR (1/min) 66.5 ± 7.3 66.3 ± 9.2 12.7 ± 7.7 14.2 ± 8.1
sBP (mmHg) 1134.0 ± 12.0 115.0 ± 11.4 12.1 ± 14.2 11.7 ± 9.9
dBP (mmHg) 73.4 ± 8.9 75.3 ± 8.5 16.1 ± 11.5 14.6 ± 8.0
mBP (mmHg) 90.4 ± 9.8 92.5 ± 9.2 16.1 ± 16.8 13.1 ± 8.5

Heart rate variability (HRV)
LFnu-RRI (ms2) 62.8 ± 15.1 55.7 ± 11.8 * 12.1 ± 15.0 13.7 ± 17.0
HFnu-RRI (ms2) 37.3 ± 15.0 44.3. ± 11.8 * −12.2 ± 14.9 −13.7 ± 17.0
LF-RRI (ms2) 746.6 ± 896.0 619.7 ± 514.9 −281.4 ± 895.2 −44.7 ± 498.0
HF-RRI (ms2) 507.9 ± 703.0 575.3 ± 668.5 −381.5 ± 659.5 −342.4 ± 550.4
PSD-RRI (ms2) 1713.8 ± 1700.8 1538.3 ± 1262.5 −955.8 ± 1573.8 −432.3 ± 1024.6
LF/HF-RRI [1] 2.4 ± 1.5 1.6 ± 0.9 * 2.4 ± 3.0 1.8 ± 2.5
LF/HF [1] 1.5 ± 0.9 1.3 ± 0.7 1.6 ± 2.0 1.5 ± 1.5

Systolic and diastolic pressure variability (BPV)
LFnu-dBP (%) 43.7 ± 12.2 48.5 ± 11.9 6.9 ± 8.8 3.5 ± 11.8
HFnu-dBP (%) 9.1 ± 3.9 11.1 ± 4.7 * 0.8 ± 2.3 0.4 ± 3.4
LF-dBP (%) 3.9 ± 2.6 4.1 ± 3.5 −0.4 ± 1.0 −0.9 ± 1.7
HF-dBP (%) 0.8 ± 0.7 0.9 ± 0.8 −0.2 ± 0.3 −0.2 ± 0.3
PSD-dBP (mmHg2) 8.8 ± 5.2 8.2 ± 5.9 −2.0 ± 1.8 −1.6 ± 2.7
LF/HF-dBP 5.7 ± 2.6 5.2 ± 2.5 0.4 ± 2.0 0.6 ± 2.6
LF/HF 1.5 ± 0.9 1.3 ± 0.7 * 1.6 ± 2.0 1.2 ± 1.5
LFnu-sBP (%) 43.2 ± 12.1 42.2 ± 12.0 9.0 ± 11.6 5.9 ± 11.0
HFnu-sBP (%) 11.5 ± 6.8 12.6 ± 6.8 3.2 ± 4.9 2.2 ± 4.4
LF-sBP (%) 6.0 ± 5.6 6.3 ± 6.2 −0.4 ± 2.1 −1.5 ± 2.7 *
HF-sBP (%) 1.4 ± 1.0 1.8 ± 1.9 −0.1 ± 0.5 −0.4 ± 0.7 *
PSD-sBP (mmHg2) 135 ± 9.5 14.0 ± 11.2 −3.3 ± 3.5 −4.1 ± 4.9
LF/HF-sBP [1] 4.8 ± 2.6 4.1 ± 1.7 −0.1 ± 1.7 0.1 ± 1.5
LF/HF [1] 1.5 ± 0.9 1.1 ± 0.7 1.7 ± 2.1 1.2 ± 1.5
BRS (ms/mmHg) 60.0 ± 21.5 69.3 ± 19.3 - -
Total BEI (%) 15.8 ± 11.4 18.7 ± 10.2 - -

MS, multiple sclerosis; HC, healthy controls; HR, heart rate; sBP, systolic blood pressure; dBP, diastolic blood
pressure; mBP, mean blood pressure; LFnu-RRI, low-frequency R-R interval in normalized units; HFnu-RRI, high
frequency R-R interval in normalized units; LF-RRI, low-frequency R-R interval; HF-RRI, high-frequency R-R
interval; PSD-RRI, power spectral density R-R interval; LF/HF, ratio between low and high band for heart rate
and blood pressure variability; LF/HF-RRI, ratio between low and high band for heart rate variability; LFnu-dBP,
low frequency of diastolic blood pressure variability in normalized units; HFnu-dBP, high frequency of diastolic
blood pressure variability in normalized units; LF-dBP, low frequency of diastolic blood pressure variability;
HF-dBP, high frequency of diastolic blood pressure variability; PSD-dBP, power spectral density of diastolic blood
pressure variability; LF/HF-dBP, ratio between low and high band for diastolic blood pressure variability; LFnu-sBP,
low frequency of systolic blood pressure variability in normalized units; HFnu-sBP, high frequency of systolic
blood pressure variability in normalized units; LF-sBP, low frequency of systolic blood pressure variability; HF-sBP,
high frequency of systolic blood pressure variability; PSD-sBP, power spectral density of systolic blood pressure
variability; LF/HF-sBP, ratio between low and high band for systolic blood pressure variability; BRS, baroreflex
sensitivity; total BEI, baroreflex effectiveness; nu, normalized values; statistically significant differences are indicated
with * p < 0.05.

3.2. Cardiac and Autonomic Assessment: Comparison Clinical Variant of MS and Control Group

At rest, PMS patients were characterized by significantly higher LFnu-RRI (p = 0.013),
sympathovagal balance ratio (LF/HF-RRI, LF/HF, LF/HF-dBP) and lower values of HFnu-RRI, compared
to the RRMS and HC. (Figure 1A–E). Therefore, PMS showed significantly lower HFnu-dBP, as compared
to HC (Figure 1F). RRMS patients as compared to PMS were characterized by significantly lower values
of LFnu-sBP (p = 0.017) and cardiac parameters, i.e., HR (p = 0.044), dBP (p = 0.008), mBP (p = 0.045)
and higher HF-RRI (p = 0.037; Table 4). In contrast, no significant differences were observed between
the RRMS and control groups in cardiac, autonomic and BRS parameters (p > 0.05). An orthostatic



J. Clin. Med. 2020, 9, 3176 7 of 16

response to the tilt test in the MS subgroups and HC group was similar and characterized by an HR
and blood pressure increase with similar sympathetic reactivity, but without statistical significance
(p > 0.05). No intergroup differences were observed for post-tilt cardiac and ANS parameters, except
for delta HF-RRI (p = 0.033) with lower values in the PMS group.J. Clin. Med. 2020, 9, x FOR PEER REVIEW 7 of 17 
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Figure 1. Multiple sclerosis (MS) subgroup (PMS, progressive MS; RRMS, relapsing-remitting MS)
mean values (±SD) at rest of LFnu-RRI, low-frequency R-R interval in normalized units (A); HFnu-RRI,
high-frequency R-R interval in normalized units (B); LF/HF-RRI, ratio between low and high band for
heart rate variability (C); LF/HF, ratio between low and high band for heart rate and blood pressure
variability (D); LF/HF-dBP, ratio between low and high band for diastolic blood pressure variability (E);
LFnu-dBP, low frequency of diastolic blood pressure variability in normalized units; LFnu-dBP, low
frequency of diastolic blood pressure variability in normalizes units (F); HFnu-dBP, high frequency
of diastolic blood pressure variability in normalized units (F), respectively, compared to healthy
controls (HC).
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Table 4. Mean ± SD of resting and during tilt test cardiac autonomic measures for patients with RRMS,
PMS and HC.

Group RRMS PMS HC RRMS PMS HC

Baseline Delta (change baseline-tilt)
Cardiac data

HR (1/min) 64.3 ± 7.4 69.4 ± 6.2 66.3 ± 9.2 13.8 ± 8.1 11.2 ± 6.2 14.2 ± 8.1
sBP (mmHg) 110.6 ± 11.1 117.2 ± 12.5 115.0 ± 11.4 141 ± 9.9 9.5 ± 12.5 11.7 ± 9.9
dBP (mmHg) 70.0 ± 8.1 77.9 ± 8.0 * 75.3 ± 8.5 19.0 ± 8.0 12.4 ± 8.0 14.6 ± 8.0
mBP (mmHg) 87.3 ± 8.9 94.5 ± 9.7 * 92.5 ± 9.2 16.8 ± 8.5 15.2 ± 9.7 13.1 ± 8.5

Heart rate variability (HRV)
LFnu-RRI (ms2) 58.3 ± 14.3 68.9 ± 14.2 * 55.7 ± 11.8 15.8 ± 17.0 7.1 ± 14.2 13.7 ± 17.0
HFnu-RRI (ms2) 41.7 ± 14.3 31.4 ± 14.1 * 44.3 ± 11.8 −15.8 ± 17.0 −7.4 ± 14.1 −13.7 ± 17.0

LF-RRI (ms2) 790.1 ± 645.3 688.5 ± 1165.5 619.7 ± 514.9 −363.1 ± 498.0 −172.4 ± 1165.5 −44.7 ± 498.0
HF-RRI (ms2) 675.1 ± 851.3 285.1 ± 341.3 * 575.3 ± 668.5 −544.7 ± 550.4 −163.9 ± 341.3 * −342.4 ± 550.4

PSD-RRI (ms2) 2044.4 ± 1749.0 1273.0 ± 1566.9 1538.3 ± 1262.5 −1304.6 ± 1024.6 −490.8 ± 1566.9 −432.3 ± 1024.6
LF/HF-RRI [1] 1.8 ± 1.1 3.1 ± 1.7 * 1.6 ± 0.9 2.4 ± 2.5 2.5 ± 1.7 1.8 ± 2.5

LF/HF [1] 1.3 ± 0.7 1.8 ± 1.0 * 1.3 ± 0.7 1.5 ± 1.5 1.7 ± 1.0 1.5 ± 1.5
Systolic and diastolic pressure variability (BPV)

LFnu-dBP (%) 44.3 ± 11.1 42.9 ± 13.8 48.5 ± 11.9 8.0 ± 11.8 5.5 ± 13.8 3.5 ± 11.8
HFnu-dBP (%) 10.2 ± 3.9 7.6 ± 3.5 * 11.1 ± 4.7 0.3 ± 3.4 1.4 ± 3.5 0.4 ± 3.4

LF-dBP (%) 3.8 ± 1.9 3.9 ± 3.4 4.1 ± 3.5 −0.4 ± 1.7 −0.4 ± 3.4 −0.9 ± 1.7
HF-dBP (%) 0.9 ± 0.8 0.6 ± 0.5 0.9 ± 0.8 −0.2 ± 0.3 −0.1 ± 0.5 −0.2 ± 0.3

PSD-dBP
(mmHg2) 8.9 ± 4.8 8.6 ± 5.8 8.2 ± 5.9 −2.0 ± 2.7 −2.0 ± 5.8 −1.6 ± 2.7

LF/HF-dBP 5.1 ± 2.4 6.6 ± 2.7 * 5.2 ± 2.5 0.7 ± 2.6 −0.0 ± 2.7 0.6 ± 2.6
LF/HF 1.3 ± 0.7 1.8 ± 1.0 * 1.3 ± 0.7 1.5 ± 1.5 1.7 ± 1.0 1.2 ± 1.5

LFnu-sBP (%) 40.7 ± 10.3 46.5 ± 13.7 * 42.2 ± 12.0 11.5 ± 11.0 5.7 ± 13.7 5.9 ± 11.0
HFnu-sBP (%) 11.5 ± 5.4 11.5 ± 8.5 12.6 ± 6.8 2.8 ± 4.4 3.7 ± 8.5 2.2 ± 4.4

LF-sBP (%) 5.2 ± 2.6 7.2 ± 8.1 6.3 ± 6.2 −0.1 ± 2.7 −0.7 ± 8.1 −1.5 ± 2.7
HF-sBP (%) 1.4 ± 0.8 1.5 ± 1.3 1.8 ± 1.9 −0.1 ± 0.7 0.1 ± 1.3 −0.4 ± 0.7

PSD-sBP
(mmHg2) 13.3 ± 7.40 13.9 ± 12.0 14.0 ± 11.2 −3.5 ± 4.9 −2.9 ± 12.0 −4.1 ± 4.9

LF/HF-sBP [1] 4.3 ± 2.0 5.5 ± 3.1 4.1 ± 1.7 0.4 ± 1.5 −0.7 ± 3.1 0.1 ± 1.5
LF/HF [1] 1.2 ± 0.6 2.0 ± 1.1 1.1 ± 0.7 1.7 ± 1.5 1.8 ± 1.1 1.2 ± 1.5

BRS (ms/mmHg) 58.9 ± 20.4 61.4 ± 23.5 69.3 ± 19.3 - - -
Total BEI (%) 18.5 ± 12.8 12.2 ± 7.9 18.7 ± 10.2 - - -

MS, multiple sclerosis; PMS, progressive MS; RRMS, relapsing-remitting MS; HC, healthy controls; HR, heart rate;
sBP, systolic blood pressure; dBP, diastolic blood pressure; mBP mean blood pressure; LFnu-RRI, low-frequency R-R
interval in normalized units; HFnu-RRI, high frequency R-R interval in normalized units; LF-RRI, low-frequency
R-R interval; HF-RRI, high-frequency R-R interval; PSD-RRI, power spectral density R-R interval; LF/HF, ratio
between low and high band for heart rate and blood pressure variability; LF/HF-RRI, ratio between low and high
band for heart rate variability; LFnu-dBP, low frequency of diastolic blood pressure variability in normalized units;
HFnu-dBP, high frequency of diastolic blood pressure variability in normalized units; LF-dBP, low frequency of
diastolic blood pressure variability; HF-dBP, high frequency of diastolic blood pressure variability; PSD-dBP, power
spectral density of diastolic blood pressure variability; LF/HF-dBP, ratio between low and high band for diastolic,
blood pressure variability; LFnu-sBP, low frequency of systolic blood pressure variability in normalized units;
HFnu-dBP, high frequency of systolic blood pressure variability in normalized units; LF-sBP, low frequency of
systolic blood pressure variability; HF-sBP, high frequency of systolic blood pressure variability; PSD-sBP, power
spectral density of systolic blood pressure variability; LF/HF-sBP, ratio between low and high band for systolic
blood pressure variability; BRS, baroreflex sensitivity; total BEI, baroreflex effectiveness; nu, normalized values;
statistically significant differences are indicated with * p < 0.05.

3.3. Relationship between Cardiovascular and Autonomic Parameters, Disease Duration and EDSS Score

In MS patients, the EDDS score was positively correlated with values of age (R = 0.46; p = 0.002),
HR (R = 0.37; p = 0.015), dBP (R = 0.47; p = 0.001), mBP (R = 0.38; p = 0.008), LF/HF-dBP (R = 0.30;
p = 0.032), LF/HF-sBP (R = 0.31; p = 0.035) and post-tilt changes in delta HF-dBP (R = −0.34; p = 0.018).
Furthermore, the EDSS score was negatively correlated with HFnu-sBP (R = −0.30; p = 0.01), HFnu-dBP
(R = −0.34; p = 0.028) and delta LF/HF-sBP (R = −0.30; p = 0.029). The disease duration was positively
associated with age (R = 0.45; p = 0.002). All significant correlations have been shown in Appendix A
(Tables A1 and A2). The multiple regression model statistically significantly predicts the LF/HF-RRI
ratio (F = 4.42, p < 0.006), with an R2 = 0.28. MS variant (RRMS or PMS), corrected for age, sex and
EDDS score, was a statistically significant predictor for the presence of autonomic balance measured
with LF/HF ratio (β = 0.51, p = 0.021). Age, sex and EDSS score were not identified as independent
predictors for the presence of AD measured with the LF/HF-RRI ratio. Cardiac parameters (dBP, mBP)
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were predominantly predicted by sex variable, whereas age was a significant predictor for HF-RRI
(β = −0.34, p = 0.041). Significant predictors for cardiac, HRV, BPV parameters for MS group are
presented in Table 5.

Table 5. Multivariate analysis e prediction of frequency domain and cardiac variables by clinical features.

Dependent Variables Independent
Variables β SE t p-Value

HR
R = 0.45; R2 = 0.20

F(4.42) = 2.7; p < 0.042

Sex 0.02 0.16 0.15 0.880
Variant 0.33 0.22 1.48 0.147

Age −0.28 0.16 −1.72 0.093
EDSS 0.22 0.20 1.11 0.272

dBP
R = 0.6; R2 = 0.36

F(4.42) = 16.67; p < 0.001

Sex * 0.44 0.15 3.04 0.004
Variant −0.05 0.20 −0.25 0.804

Age 0.04 0.14 0.28 0.782
EDSS 0.30 0.18 1.67 0.103

mBP
R = 0.49; R2 = 0.24

F(4.42) = 3.33; p < 0.018

Sex * 0.37 0.16 2.35 0.023
Variant −0.02 0.22 −0.07 0.944

Age −0.05 0.16 −0.34 0.736
EDSS 0.25 0.19 1.27 0.210

LFnu-RRI
R = 0.48; R2 = 0.23

F(4.42) = 3.18; p < 0.022

Sex 0.14 0.16 0.88 0.384
Variant 0.43 0.22 1.93 0.061

Age 0.22 0.16 1.37 0.179
EDSS −0.30 0.19 −1.57 0.125

HFnu-RRI
R = 0.47; R2 = 0.22

F(4.42) = 2.97; p < 0.029

Gender −0.13 0.16 −0.79 0.432
Variant −0.42 0.22 −1.91 0.063

Age −0.21 0.16 −1.30 0.202
EDSS 0.30 0.20 1.51 0.138

LF/HF-RRI
R = 0.49; R2 = 0.24

F(4.42) = 3.36; p < 0.017

Sex 0.15 0.16 0.93 0.356
Variant * 0.48 0.22 2.20 0.033

Age 0.08 0.16 0.52 0.607
EDSS −0.21 0.19 −1.08 0.286

LF/HF
R = 0.38; R2 = 0.15

F(4.42) = 6.1096; p < 0.143

Gender 0.11 0.17 0.65 0.519
Variant 0.38 0.23 1.63 0.110

Age −0.05 0.17 −0.27 0.786
EDSS −0.07 0.21 −0.34 0.738

LF/HF-dBP
R = 0.40; R2 = 0.16

F(1.53) = 10.23; p < 0.01

Sex −0.26 0.15 −1.70 0.097
Variant 0.25 0.21 1.18 0.245

Age 0.25 0.15 1.62 0.113
EDSS 0.20 0.19 1.06 0.296

HF-RRI
R = 0.43; R2 = 0.19

F(1.53) = 2.4; p < 0.064

Sex 0.08 0.16 0.50 0.623
Variant −0.33 0.23 −1.46 0.152
Age * −0.34 0.16 −2.10 0.041
EDSS 0.28 0.20 1.38 0.174

HR, heart rate; dBP, diastolic blood pressure; mBP, mean blood pressure; LFnu-RRI, low-frequency R-R interval
in normalized units; HFnu-RRI, high frequency R-R interval in normalized units; LF/HF, ratio between low and
high band for heart rate and blood pressure variability; LF/HF-RRI, ratio between low and high band for heart
rate variability; LF/HF-dBP, ratio between low and high band for diastolic blood pressure variability; HF-RRI,
high-frequency R-R interval; BETA (β), standardized beta coefficient; t-values; SE, standard error; R, squared;
Statistically significant differences are indicated with * p < 0.05.

4. Discussion

Our study investigated cardiovascular autonomic modulation using short-term spectral (HRV
and BPV) analysis in patients with different MS phenotypes compared to age-matched healthy subjects.
The main finding of this study is that the MS variant (RRMS or PMS) corrected for age, sex, EDSS score,
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is an independent predictor of changes in sympathovagal ratio as measured with HRV. Furthermore, a
higher overall EDDS score was related to a higher sympathovagal ratio (LF/HF-sBP, LF-HF-dBP), and
lower parasympathetic parameters (HFnu-dBP, HFnu-sBP) at rest, and decreased post-tilt changes of
LF/HF-sBP.

Our study has confirmed previous findings, which indicate that imbalance in the autonomic
nervous system is a common feature of MS patients [9,10,33], with a significant difference in patterns
of dysautonomia in patients with RRMS and PPMS. Consistent with the previous study, we found that
PMS patients had significantly higher values of the sympathetic–parasympathetic ratio, LFnu-RRI,
reflecting a shift of the sympathovagal modulation toward sympathetic predominance, as compared
to the RRMS and HC. In addition, lower values of parasympathetic parameters (Hfnu-RRI, HF-RRI)
in PMS may suggest lower cardiac parasympathetic modulation to the sinoatrial node compared to
RRMS [9]. Some studies indicate lower overall HRV parameters in MS (progressive and RRMS [34]
or RRMS alone [7,35–37] than in HC. Others found higher LF in progressive MS than in RRMS and
HC [10]. This discrepancy may be explained by differences in the number of RRMS and PMS patients,
level of disability and disease duration. In response to head-up tilt, both MS and control groups
demonstrated an increase in cardiac sympathetic modulation, whereas the decrease in HF-post-tilt
changes was lower in PMS, indicating slightly an impairment of sympathetic function or insufficient
withdrawal of cardiac parasympathetic modulation. LFnu-RRI was slightly, but not significantly lower
in MS compared to HC in all experimental conditions.

Furthermore, a higher EDDS score was related to a higher sympathovagal ratio (LF/HF-sBP,
LF-HF-dBP), lower parasympathetic parameters (HFnu-dBP, HFnu-sBP) of BPV at rest, and decrease
post-tilt changes of LF/HF-sBP. This may reflect progressive concomitant alteration of both cardiac
sympathetic and parasympathetic interplay with a decreased sympathetic modulation [9,10,38,39].
Interestingly, orthostatic intolerance (POTS and OH) were found in both MS groups which may indicate
a more active disease course associated with sympathetic nervous system dysfunction [10,40]. Recent
studies confirm that MS lesions are centered around CAN structures such as the corpus callosum,
peri- and paraventricular structures [41] and nuclei or pathways that modulate baroreflex sensitivity
and cardiovascular autonomic function [42]. The involvement of the central autonomic network in
autonomic cardiovascular modulation is also supported by the study of Winder et al. who showed
associations between a shift of cardiovascular sympathetic–parasympathetic balance toward increased
sympathetic modulation and left insular and hippocampal lesions [43].

We did not find significant correlation between the disease duration and changes in cardiovascular
autonomic parameters in the MS group which is consistent with previous studies [7].

Potential mechanisms underlying the sympathetic overactivity observed in PMS patients may
reflect the bidirectional relationship between the immune system and the ANS [44]. Previous studies
showed that the influence of the sympathetic nervous system (SNS) on the immune response depends
largely on the time point of sympathetic activation. A decreased SNS tone promoted proinflammatory
effects, whereas a increased SNS tone resulted in an anti-inflammatory response during the chronic
phase of inflammation [45,46]. MS may affect the ANS not only via the neurodegeneration process,
but also by modulating the SNS peripherally through catecholamine release from inflammatory lesions,
or by inflammatory induced expression of β-adrenergic receptors [6]. Namely, differences in the
sympathetic–parasympathetic ratio in MS phenotypes may be explained by the fact that immune
stimulation from chronic inflammation causes a maladaptive disease-inducing and consolidating
sympathetic response in an attempt to maintain allostasis [47]. Therefore, it is likely that altered
autonomic imbalance may contribute to the pathogenesis of MS or could be common a consequence
of the disease itself [8]. We did not find a significant difference in autonomic parameters between
the RRMS and HC groups. This is in line with the study by Studer et al. who found that in RRMS
patients, disease activity, even subclinical, was associated with lower rest LFnu, whereas stable
RRMS patients did not differ from healthy controls. Moreover, sympathetic reactivity can be related
to plastic reserves in RRMS because patients with higher sympathetic reactivity did not show any
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clinical signs of ongoing brain inflammation [10] Chronic neuroinflammation may also promote the
development of reduced central parasympathetic together with a suppressive role for the SNS in the
CNS immune response [44,47] The PMS group had higher values of HFnu-dBP compared to HC;
however, the age score was a significant predictor of changes for HFnu-dBP. These results suggest that
proper age-matching is needed to differentiate between disease-related pathophysiology and normal
aging [48].

In several chronic immune-mediated inflammatory diseases such as rheumatoid arthritis, systemic
lupus erythematosus, inflammatory bowel disease and SjÖgren’s syndrome, the tone of the sympathetic
nervous system (SNS) is also increased. Systemic inflammation and immune dysfunction increase
morbidity and mortality by affecting multiple organ systems, especially the heart and kidney [47].
Along these lines, PMS patients have significantly higher cardiac variables compared to RRMS which
suggest the higher sympathetic modulation of HR and dBP. Another possible explanation for increased
cardiac values is the upregulation of b-adrenergic receptors on peripheral blood mononuclear cells [40].
Therefore, prolonged stimulation of β-AR receptors in the myocardium can drive cardiomyocyte
hypertrophy, mitogenesis of cardiac fibroblasts, and the development of heart failure [49,50]. Similarly,
subclinical cardiac involvement among 40 active RRMS patients was also confirmed by Olindo et al. [51],
who found a reduced left and right ventricular ejection fraction, as compared to controls.

There are several limitations to this study. First, the sample size is relatively small. In our
study, statistical power appears to be generally, which warrants further investigation. Future research
considering case-control differences in HRV and BPV should include effect size distributions to convey
group difference magnitudes [52]. Second, patients and controls were not matched for age and
gender, which could independently affect the acquisition of autonomic dysfunction. HRV can also
be significantly affected, directly or indirectly, by various groups of drugs. Therefore, the use of
medications in subjects should be adequately assessed when interpreting HRV indexes [53]. Our study
did not evaluate the impact of the use of IMDs for the management of cardiovascular risk in patients
with MS phenotypes. None of the patients did not take fingolimod used to treat RRMS. Fingolimod
is known to reduce cardiac autonomic modulation (HR reduction) and baroreflex sensitivity at rest,
as well as to diminish cardiovagal responses to autonomic challenges [54] Finally, researches should
consider using machine learning approaches for clinical diagnosis based on physiological cardiac
data [55].

5. Conclusions

We conclude that autonomic imbalance is markedly altered in the MS patient group compared to
controls, changes were most pronounced in the progressive variant of MS disease. The MS variant
appeared to have a potential influence on cardiac autonomic imbalance at rest. Furthermore, higher
overall EDDS score was related to a higher sympathovagal ratio, lower parasympathetic parameters at
rest, and decrease post-tilt changes of the sympathovagal ratio of systolic blood pressure variability.
Our results indicate the need for assessment of cardiovascular autonomic function, especially heart
and blood pressure response to orthostatic stress when developing therapies aimed at improving
functional mobility. Future research should identify objective markers of autonomic dysfunction in the
large MS population including patients in early and advanced stages of MS disease.
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Appendix A

Table A1. Spearman coefficients of correlation in MS subjects between baseline cardiovascular and
autonomic parameters, age, disease duration and Expanded Disability Status Scale (EDSS) score.

Age EDSS Disease
Duration HR sBP dBP mBP Delta

HR
Delta
sBP

Delta
dBP

Delta
mBP

Age (years) 1.00 0.46 ** 0.44 ** 0.00 0.04 0.29 * 0.19 −0.35 * −0.04 −0.26 −0.13
HR (1/min) 0.00 0.37 ** 0.04 1.00 0.12 0.21 0.17 −0.04 −0.18 −0.20 −0.23

sBP (mmHg) 0.04 0.23 −0.18 0.12 1.00 0.83 ** 0.93 *** −0.15 −0.13 0.02 −0.12
dBP (mmHg) 0.29 * 0.47 ** 0.05 0.21 0.83 *** 1.00 0.96 ** −0.27 −0.15 −0.13 −0.18

mBP
(mmHg) 0.19 0.38 ** −0.05 0.17 0.93 *** 0.96 *** 1.00 −0.23 −0.14 −0.08 −0.14

LFnu-RRI
(ms2) 0.24 0.16 0.24 0.37 ** 0.15 0.19 0.17 −0.15 0.03 0.09 0.12

HFnu-RRI
(ms2) −0.23 −0.16 −0.24 −0.36 * −0.14 −0.19 −0.17 0.14 −0.03 −0.10 −0.13

LF-RRI (ms2) −0.32 * −0.25 −0.07 −0.54 *** 0.01 −0.17 −0.11 0.15 0.14 0.32 * 0.22
HF-RRI (ms2) −0.34 * −0.25 −0.18 −0.58 *** −0.04 −0.22 −0.16 0.19 0.03 0.13 0.03

PSD-RRI
(ms2) −0.30 * −0.22 −0.08 −0.59 *** 0.02 −0.15 −0.08 0.12 0.09 0.22 0.16

LF/HF-RRI
[1] 0.25 0.18 0.26 0.39 ** 0.13 0.19 0.17 −0.13 −0.01 0.05 0.08

LF/HF [1] 0.02 0.16 0.20 0.40 ** 0.14 0.18 0.17 0.01 −0.07 0.05 0.03
LFnu-dBP

(%) −0.25 0.02 0.05 0.22 0.12 0.09 0.13 0.17 −0.22 −0.09 −0.13

HFnu-dBP
(%)

−0.53
*** −0.34 * −0.18 −0.14 0.13 −0.04 0.03 0.15 0.02 0.12 0.01

LF-dBP (%) −0.13 −0.12 −0.14 −0.21 0.17 0.06 0.14 0.17 0.11 0.25 0.21
HF-dBP (%) −0.36 * −0.34 * −0.24 −0.31 * 0.16 −0.05 0.05 0.19 0.26 0.40 ** 0.30 *

PSD-dBP
(mmHg2) −0.05 −0.17 −0.15 −0.30 * 0.10 0.00 0.07 0.12 0.25 0.35 * 0.32 *

LF/HF-dBP 0.31 * 0.30 * 0.21 0.19 −0.10 0.06 0.02 0.02 −0.14 −0.16 −0.06
LF/HF 0.02 0.16 0.20 0.40 ** 0.14 0.18 0.17 0.01 −0.07 0.05 0.03

LFnu-sBP (%) 0.13 0.15 0.11 0.23 0.13 0.23 0.22 −0.01 −0.22 −0.18 −0.12
HFnu-sBP

(%) −0.17 −0.30 * −0.19 −0.04 −0.05 −0.09 −0.10 0.03 −0.10 −0.07 −0.15

LF-sBP (%) 0.15 0.01 0.01 −0.12 0.17 0.13 0.18 0.01 0.11 0.18 0.16
HF-sBP (%) −0.05 −0.20 −0.11 −0.23 0.07 −0.02 0.01 0.06 0.09 0.16 0.06

PSD-sBP
(mmHg2) 0.07 −0.09 −0.03 −0.24 0.08 −0.03 0.05 0.04 0.26 0.29 0.24

LF/HF-sBP
[1] 0.19 0.31 * 0.20 0.15 0.11 0.19 0.19 −0.02 −0.05 −0.02 0.05

LF/HF [1] 0.22 0.21 0.22 0.41 ** 0.16 0.27 0.24 −0.09 −0.08 −0.01 0.03
BRS

(ms/mmHg) −0.33 * −0.21 −0.08 −0.28 −0.35 * −040 ** −0.39 ** 0.13 −0.04 −0.01 −0.02

Total BEI (%) −0.07 0.05 −0.16 −0.16 0.11 0.08 0.09 0.01 −0.11 −005 −0.10

Expanded Disability Status Scale (EDSS); HR, heart rate; sBP, systolic blood pressure; dBP, diastolic blood pressure;
mBP, mean blood pressure; delta (change baseline-tilt); delta HR, delta heart rate; delta sBP, delta systolic blood
pressure; delta dBP, delta diastolic blood pressure; delta mBP, delta mean blood pressure; LFnu-RRI, low-frequency
R-R interval in normalized units; HFnu-RRI, high frequency R-R interval in normalized units; LF-RRI, low-frequency
R-R interval; HF-RRI, high-frequency R-R interval; PSD-RRI, power spectral density R-R interval; LF/HF, ratio
between low and high band for heart rate and blood pressure variability; LF/HF-RRI, ratio between low and high
band for heart rate variability; LFnu-dBP, low frequency of diastolic blood pressure variability in normalized units;
HFnu-dBP, high frequency of diastolic blood pressure variability in normalized units; LF-dBP, low frequency of
diastolic blood pressure variability; HF-dBP, high frequency of diastolic blood pressure variability; PSD-dBP, power
spectral density of diastolic blood pressure variability; LF/HF-dBP, ratio between low and high band for diastolic
blood pressure variability; LFnu-sBP, low frequency of systolic blood pressure variability in normalized units;
HFnu-dBP, high frequency of systolic blood pressure variability in normalized units; LF-sBP, low frequency of
systolic blood pressure variability; HF-sBP, high frequency of systolic blood pressure variability; PSD-sBP, power
spectral density of systolic blood pressure variability; LF/HF-sBP, ratio between low and high band for systolic
blood pressure variability; BRS, baroreflex sensitivity; total BEI, baroreflex effectiveness; nu, normalized values;
statistically significant differences are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table A2. Spearman coefficients of correlation in MS subjects between post-tilt cardiovascular and
autonomic parameters, age, disease duration and EDSS score.

Age EDSS Disease
Duration HR sBP dBP mBP Delta HR Delta

sBP
Delta
dBP

Delta
mBP

Delta HR
(1/min) −0.35 * −0.15 −0.26 −0.04 −0.15 −0.27 −0.23 1.00 0.08 0.19 0.07

Delta sBP
(mmHg) −0.04 −0.07 −0.03 −0.18 −0.13 −0.15 −0.14 0.08 1.00 0.84 *** 0.90 ***

Delta dBP
(mmHg) −0.26 −0.20 −0.13 −0.20 0.02 −0.13 −0.08 0.19 0.84 *** 1.00 0.89 ***

Delta mBP
(mmHg) −0.13 −0.13 0.01 −0.23 −0.12 −0.18 −0.14 0.07 0.90 *** 0.89 *** 1.00

Delta
LFnu-RRI

(ms2)

−0.45
*** −0.22 −0.17 −0.14 0.08 −0.08 −0.01 0.41 ** −0.04 0.04 −0.09

Delta
HFnu-RRI

(ms2)
0.45 ** 0.22 0.17 0.14 −0.08 0.08 0.01 −0.41 ** 0.04 −0.04 0.09

Delta LF-RRI
(ms2) 0.07 0.12 −0.04 0.46

*** −0.04 0.03 0.03 −0.08 0.11 −0.08 −0.05

Delta HF-RRI
(ms2) 0.38 * 0.26 0.20 0.45

*** −0.08 0.10 0.04 −0.31 * 0.10 −0.07 0.06

Delta PSD-RRI
(ms2) 0.20 0.16 0.09 0.52

*** −0.07 0.04 0.00 −0.19 0.07 −0.07 −0.05

Delta
LF/HF-RRI [1] −0.32 * −0.12 −0.03 0.11 0.16 −0.02 0.05 0.34 * −0.07 0.08 −0.06

Delta LF/HF [1] −0.31 * −0.13 −0.08 0.18 0.16 −0.04 0.05 0.39 ** −0.07 0.13 −0.04
Delta

LFnu-dBP (%) −0.23 −0.11 −0.08 0.11 −0.09 −0.20 −0.13 0.30 * 0.11 0.18 0.16

Delta
HFnu-dBP (%) 0.31 * 0.23 0.10 0.26 −0.21 −0.11 −0.15 0.07 −0.09 −0.20 −0.16

Delta LF-dBP
(%) −0.10 −0.03 0.05 0.07 0.21 0.04 0.12 −0.14 0.12 0.18 0.22

Delta HF-dBP
(%) 0.25 0.34 * 0.10 0.35 * 0.08 0.10 0.11 −0.18 −0.10 −0.17 −0.10

PSD-dBP
(mmHg2) 0.03 0.22 0.17 0.21 0.22 0.21 0.21 −0.35 * −0.09 −0.07 −0.05

Delta
LF/HF-dBP −0.23 −0.22 0.01 −0.19 0.12 0.02 0.07 −0.04 0.13 0.29 ** 0.26

Delta LF/HF −0.31 * −0.13 −0.08 0.18 0.16 −0.04 0.05 0.39 ** −0.07 0.13 −0.04
Delta

LFnu-sBP (%) −0.32 * −0.14 −0.17 0.07 0.13 −0.07 0.04 0.27 0.26 0.41 ** 0.30 *

Delta
HFnu-sBP (%) 0.12 0.17 −0.06 0.26 −0.15 −0.10 −0.15 0.31 * −0.03 −0.04 −0.09

Delta LF-sBP
(%) −0.15 −0.12 −0.10 0.00 0.16 −0.04 0.06 −0.03 0.21 0.26 0.25

Delta HF-sBP
(%) 0.18 0.23 0.04 0.25 0.04 0.04 0.04 0.04 −0.07 −0.10 −0.06

Delta PSD-sBP
(mmHg2) −0.05 0.08 0.05 0.18 0.14 0.13 0.13 −0.25 −0.13 −0.12 −0.05

Delta
LF/HF-sBP [1] −0.25 −0.30 * −0.08 −0.20 0.09 −0.05 0.03 −0.09 0.13 0.21 0.20

Delta LF/HF [1] −0.27 −0.12 −0.06 0.15 0.20 −0.01 0.09 0.33 * −0.02 0.16 −0.01

Expanded Disability Status Scale (EDSS); HR, heart rate; sBP, systolic blood pressure; dBP, diastolic blood pressure;
mBP, mean blood pressure; delta, change baseline-tilt delta; delta HR, delta heart rate; delta sBP, delta systolic blood
pressure; delta dBP, delta diastolic blood pressure; delta mBP, delta mean blood pressure; delta LFnu-RRI, delta
low-frequency R-R interval in normalized units; delta HFnu-RRI, delta high frequency R-R interval in normalized
units; delta LF-RRI, delta low-frequency R-R interval; delta HF-RRI, delta high-frequency R-R interval; delta
PSD-RRI, delta power spectral density R-R interval; delta LF/HF, delta ratio between low and high band for heart
rate and blood pressure variability; delta LF/HF-RRI, delta ratio between low and high band for heart rate variability;
delta LFnu-dBP, delta low frequency of diastolic blood pressure variability in normalized units; delta HFnu-dBP,
delta high frequency of diastolic blood pressure variability in normalized units; delta LF-dBP, delta low frequency of
diastolic blood pressure variability; delta HF-dBP, delta high frequency of diastolic blood pressure variability; delta
PSD-dBP, delta power spectral density of diastolic blood pressure variability; LF/HF-dBP, ratio between low and
high band for diastolic blood pressure variability; delta LFnu-sBP, delta low frequency of systolic blood pressure
variability in normalized units; delta HFnu-dBP, delta high frequency of systolic blood pressure variability in
normalized units; delta LF-sBP, delta low frequency of systolic blood pressure variability; delta HF-sBP, delta high
frequency of systolic blood pressure variability; delta PSD-sBP, delta power spectral density of systolic blood pressure
variability; delta LF/HF-sBP, delta ratio between low and high band for systolic blood pressure variability; delta
BRS, delta baroreflex sensitivity; delta total BEI, delta baroreflex effectiveness; nu, normalized values; statistically
significant differences are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001.



J. Clin. Med. 2020, 9, 3176 14 of 16

References

1. Leray, E.; Yaouanq, J.; Le Page, E.; Coustans, M.; Laplaud, D.; Oger, J.; Edan, G. Evidence for a two-stage
disability progression in multiple sclerosis. Brain 2010, 133, 1900–1913. [CrossRef] [PubMed]

2. Confavreux, C.; Vukusic, S. Natural history of multiple sclerosis: A unifying concept. Brain 2006, 129,
606–616. [CrossRef] [PubMed]

3. Kremenchutzky, M.; Wingerchuk, D.M.; Rice, G.P.A.; Baskerville, J.; Ebers, G. The natural history of multiple
sclerosis: A geographically based study 9: Observations on the progressive phase of the disease. Brain 2006,
129, 584–594. [CrossRef]

4. Turkish Multiple Sclerosis Study Group (TUMSSG). Survival and predictors of disability in Turkish MS
patients. Neurology 1998, 51, 765–772. [CrossRef]

5. Tutuncu, M.; Tang, J.; Zeid, N.A.; Kale, N.; Crusan, D.J.; Atkinson, E.J.; Siva, A.; Pittock, S.J.; Pirko, I.;
Keegan, B.M.; et al. Onset of progressive phase is an age-dependent clinical milestone in multiple sclerosis.
Mult. Scler. J. 2012, 19, 188–198. [CrossRef] [PubMed]

6. Racosta, J.M.; Kimpinski, K. Autonomic dysfunction, immune regulation, and multiple sclerosis.
Clin. Auton. Res. 2015, 26, 23–31. [CrossRef] [PubMed]

7. Videira, G.; Castro, P.; Vieira, B.; Filipe, J.P.; Santos, R.; Azevedo, E.; Paula-Barbosa, M.; Abreu, P. Autonomic
dysfunction in multiple sclerosis is better detected by heart rate variability and is not correlated with central
autonomic network damage. J. Neurol. Sci. 2016, 367, 133–137. [CrossRef]

8. Habek, M. Immune and autonomic nervous system interactions in multiple sclerosis: Clinical implications.
Clin. Auton. Res. 2019, 29, 267–275. [CrossRef]

9. Adamec, I.; Crnošija, L.; Junaković, A.; Skorić, M.K.; Habek, M. Progressive multiple sclerosis patients have
a higher burden of autonomic dysfunction compared to relapsing remitting phenotype. Clin. Neurophysiol.
2018, 129, 1588–1594. [CrossRef]

10. Studer, V.; Rocchi, C.; Motta, C.; Lauretti, B.; Perugini, J.; Brambilla, L.; Centonze, D. Heart rate variability
is diferentially altered in multiple sclerosis: Implications for acute. worsening and progressive disability.
Mult. Scler. J. Exp. Transl. Clin. 2017, 3, 2055217317701317.

11. Flachenecker, P.; Reiners, K.; Krauser, M.; Wolf, A.; Toyka, K.V. Autonomic dysfunction in multiple sclerosis
is related to disease activity and progression of disability. Mult. Scler. J. 2001, 7, 327–334. [CrossRef]

12. Fisher, J.P.; Young, C.N.; Fadel, P.J. Central sympathetic overactivity: Maladies and mechanisms.
Auton. Neurosci. 2009, 148, 5–15. [CrossRef]

13. Suorsa, E.; Korpelainen, J.T.; Ansakorpi, H.; Huikuri, H.V.; Suorsa, V.; Myllylä, V.V.; Isojärvi, J.I. Heart rate
dynamics in temporal lobe epilepsy—A long-term follow-up study. Epilepsy Res. 2011, 93, 80–83. [CrossRef]
[PubMed]

14. De Seze, J.; Stojkovic, T.; Gauvrit, J.-Y.; Devos, D.P.; Ayachi, M.; Cassim, F.; Michel, T.S.; Pruvo, J.-P.;
Guieu, J.-D.; Vermersch, P. Autonomic dysfunction in multiple sclerosis: Cervical spinal cord atrophy
correlates. J. Neurol. 2001, 248, 297–303. [CrossRef] [PubMed]

15. Hilz, M.J. Cardiac stunning as first manifestation of multiple sclerosis: A case report reminding us not
to overlook cardiovascular autonomic dysfunction in multiple sclerosis. Mult. Scler. J. 2016, 22, 847–848.
[CrossRef] [PubMed]

16. Cygankiewicz, I.; Zareba, W. Chapter 31—Heart rate variability. In Handbook of Clinical Neurology Autonomic
Nervous System; Buijs, R.M., Swaab, D.F., Eds.; Elsevier: Amsterdam, The Netherlands, 2013; Volume 117,
pp. 379–393.

17. McDonald, W.I.; Compston, A.; Edan, G.; Goodkin, N.; Hartung, H.-P.; Lublin, F.D.; McFarland, H.F.;
Paty, N.W.; Polman, C.H.; Reingold, S.C.; et al. Recommended diagnostic criteria for multiple sclerosis:
Guidelines from the International Panel on the diagnosis of multiple sclerosis. Ann. Neurol. 2001, 50, 121–127.
[CrossRef]

18. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.K.;
Hutchinson, M.; Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald
criteria. Ann. Neurol. 2011, 69, 292–302. [CrossRef]

19. Lublin, F.D.; Reingold, S.C. Defining the clinical course of multiple sclerosis: Results of an international
survey. Neurology 1996, 46, 907–911. [CrossRef]

http://dx.doi.org/10.1093/brain/awq076
http://www.ncbi.nlm.nih.gov/pubmed/20423930
http://dx.doi.org/10.1093/brain/awl007
http://www.ncbi.nlm.nih.gov/pubmed/16415308
http://dx.doi.org/10.1093/brain/awh721
http://dx.doi.org/10.1212/wnl.51.3.765
http://dx.doi.org/10.1177/1352458512451510
http://www.ncbi.nlm.nih.gov/pubmed/22736750
http://dx.doi.org/10.1007/s10286-015-0325-7
http://www.ncbi.nlm.nih.gov/pubmed/26691635
http://dx.doi.org/10.1016/j.jns.2016.05.049
http://dx.doi.org/10.1007/s10286-019-00605-z
http://dx.doi.org/10.1016/j.clinph.2018.05.009
http://dx.doi.org/10.1177/135245850100700509
http://dx.doi.org/10.1016/j.autneu.2009.02.003
http://dx.doi.org/10.1016/j.eplepsyres.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/21093218
http://dx.doi.org/10.1007/s004150170204
http://www.ncbi.nlm.nih.gov/pubmed/11374094
http://dx.doi.org/10.1177/1352458516638559
http://www.ncbi.nlm.nih.gov/pubmed/26993119
http://dx.doi.org/10.1002/ana.1032
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1212/WNL.46.4.907


J. Clin. Med. 2020, 9, 3176 15 of 16

20. Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS).
Neurology 1983, 33, 1444. [CrossRef]

21. Neurostatus Scoring. Available online: https://www.neurostatus.net/media/specimen/Definitions_0410-2_s.
pdf (accessed on 21 August 2020).

22. Therapeutics and Technology Assessment Subcommittee of the American Academy of Neurology. Assessment
clinical autonomic testing report of the therapeutics and technology subcommittee of the American Academy
of Neurology. Neurology 1996, 46, 873–880.

23. Schwalm, T. Modern Tilt Table Testing and Non-Invasive Monitoring. Traditional and Innovative Applications in
Theory and Practice; ABW Wissenschaftsverlag GmbH: Berlin, Germany, 2006.

24. Fortin, J.; Klinger, T.; Wagner, C.; Sterner, H.; Madritsch, C.; Grüllenberger, R.; Hacker, A.; Habenbacher, W.;
Skrabal, F. The task force monitor—A non-invasive beat-to beat monitor for hemodynamic and autonomic
function of the human body. In Proceedings of the 20th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Hong Kong, China, 1 November 1998; Volume 66, pp. 63–151.

25. Bianchi, A.M.; Mainardi, L.; 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] [PubMed]

26. Schlögl, A.; Flotzinger, D.; Pfurtscheller, G. Adaptive Autoregressive Modeling used for Single-trial
EEG Classification—Verwendung eines Adaptiven Autoregressiven Modells für die Klassifikation von
Einzeltrial-EEG-Daten. Biomed. Tech. 1997, 42, 162–167. [CrossRef] [PubMed]

27. Parati, G.; Di Rienzo, M.; Mancia, G. How to measure baroreflex sensitivity: From the cardiovascular
laboratory to daily life. J. Hypertens. 2000, 18, 7–19. [CrossRef] [PubMed]

28. Lees, T.; Shad-Kaneez, F.; Simpson, A.M.; Nassif, N.T.; Lin, Y.; Lal, S. Heart Rate Variability as a Biomarker for
Predicting Stroke, Post-stroke Complications and Functionality. Biomark. Insights 2018, 13, 1177271918786931.
[CrossRef] [PubMed]

29. Taskforce of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. Heart rate variability: Standards of measurement. physiological interpretation. and
clinical use. Eur. Heart J. 1996, 17, 354–381. [CrossRef]

30. Li, K.; Rüdiger, H.; Ziemssen, T. Spectral Analysis of Heart Rate Variability: Time Window Matters.
Front. Neurol. 2019, 10, 545. [CrossRef]

31. Available online: http://www.itl.nist.gov/div898/handbook/.2012/01/20 (accessed on 21 August 2020).
32. The Consensus Committee of the American Autonomic Society and the American Academy of Neurology.

Consensus statement on the definition of orthostatic hypotension, pure autonomic failure, and multiple
system atrophy. Neurology 1996, 46, 1470.

33. Monge-Argilés, J.A.; Palacios-Ortega, F.; Vila-Sobrino, J.A.; Matías-Guiu, J. Heart rate variability in multiple
sclerosis during a stable phase. Acta Neurol. Scand. 1998, 97, 86–92. [CrossRef]

34. Brezinova, M.; Goldenberg, Z.; Kucera, P. Autonomic nervous system dysfunction in multiple sclerosis
patients. Bratisl Lek List. 2004, 105, 404–407.

35. Damla, O.; Altug, C.; Pinar, K.K.; Alper, K.; Dilek, I.G.; Kadriye, A. Heart rate variability analysis in patients
with multiple sclerosis. Mult. Scler. Relat. Disord. 2018, 24, 64–68. [CrossRef]
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