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Abstract
Purpose  Cardiac autonomic dysfunction has been reported in patients with long-standing multiple sclerosis (MS); however, 
data in early disease are limited. The present study was aimed at evaluating cardiac autonomic function in patients with early 
MS in the context of white matter metabolic status, which could potentially affect functions of the autonomic brain centers.
Methods  Cardiac sympathetic and baroreflex cardiovagal responses to the Valsalva maneuver, orthostatic test, and the 
Stroop test were evaluated in 16 early, treatment-naïve patients with relapsing–remitting MS, and in 14 healthy participants. 
Proton magnetic resonance spectroscopic imaging (MRSI) of the brain was performed in eight of these MS patients and in 
eight controls.
Results  Valsalva maneuver outcomes were comparable between patients and controls. At baseline, norepinephrine levels 
were lower (p = 0.027) in MS patients compared to controls. The patients had higher heart rate (p = 0.034) and lower stroke 
volume (p = 0.008), but similar blood pressure, cardiac output and norepinephrine increments from baseline to 2 min of the 
orthostatic test compared to controls. MS patients and controls did not differ in responses to the Stroop test. MRSI showed 
lower total N-acetylaspartate/total creatine (p = 0.038) and higher myo-inositol/total creatine (p = 0.013) in MS lesions 
compared to non-lesional white matter.
Conclusion  Our results show normal cardiac sympathetic and baroreflex cardiovagal function in MS patients with relaps-
ing–remitting MS with lesions at the post-acute/early resolving stage.
Trial registration  The study was registered at ClinicalTrials.gov under the Identifier: NCT 03052595 and complies with the 
STROBE checklist for cohort, case–control, and cross-sectional studies.
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Introduction

Multiple sclerosis (MS) is a chronic neuroinflammatory dis-
ease of the central nervous system (CNS), leading to demy-
elination and neurodegeneration. The most frequent symp-
toms include motor impairment, visual disturbances, sensory 
problems, pain, fatigue, and cognitive impairment, resulting 
in severe physical disability [3]. Abnormalities in several 
domains of the autonomic nervous system (ANS), includ-
ing sympathetic noradrenergic, parasympathetic cholinergic, 
and enteric subsystems, have been reported in 45–84% of 
MS patients [33, 34]. The spectrum of autonomic symp-
toms appears to depend upon disease-related factors such 
as clinical form, rate of progression, disability status, lesion 
localization, or clinical activity at the time of investigation 
[22, 34]. Furthermore, the severity of dysautonomia ranges 
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from discrete alterations in autonomic functions to clini-
cally apparent symptoms such as bowel and bladder control 
problems or orthostatic hypotension [13, 26].

In a recent review, Findling and coauthors highlighted the 
importance of cardiac autonomic dysfunction assessment in 
MS patients due to its correlation with underlying inflam-
mation and neurodegeneration and association with fatigue, 
rare serious cardiovascular complications, and implications 
for treatment [5]. Among the subclinical signs of cardiac 
autonomic dysfunction, heart rate variability (HRV) in time 
and frequency domains, abnormal heart rate (HR), and blood 
pressure have been reported most frequently [2, 8, 25, 27, 
30, 37, 40]. Parasympathetic dysfunction seems to correlate 
with disease progression and disability; thus, it could be the 
consequence of MS [6]. On the other hand, signs of car-
diac sympathetic dysfunction, such as HRV alterations and 
orthostatic intolerance in MS, appear to correlate more with 
underlying inflammation and clinical activity at the time of 
investigation [35]. Recently, Habek and coworkers showed 
worsening of ANS abnormalities in approximately one third 
of patients with clinically isolated syndrome during a 2-year 
follow-up [11]. Overall, cardiac autonomic dysfunction may 
contribute to disability and cardiovascular complications 
during disease progression [19].

The neuroendocrine-immune interactions, in particular 
the immunoregulatory role of the ANS, have generated 
interest in the role of autonomic dysfunction in the patho-
genesis of MS [33]. However, it remains unclear whether 
the autonomic dysfunction represents a primary factor in 
MS pathogenesis, or is a mere consequence of the structural 
damage in the centers regulating ANS activity. Nevertheless, 
the presence of postural orthostatic tachycardia syndrome 
in patients with clinical isolated syndrome was found to be 
a prognostic factor indicating a more active disease course 
[14]. Investigations of autonomic function in the early stages 
of the disease before initiation of treatment could help to 
elucidate the role of dysautonomia in MS pathophysiology 
[12]. Therefore, the first aim of our study was to evaluate 
cardiac sympathetic and cardiovagal baroreflex function in 
treatment-naïve patients with suspected MS at the time of 
their first referral to a specialized MS center.

Recent advances in proton magnetic resonance spectro-
scopic imaging (MRSI) of the brain, in particular an increase 
in spatial resolution, have enabled metabolic activity assess-
ment of the MS lesions without partial volume contami-
nation from normal-appearing tissue [16]. It has also been 
shown that the pattern of metabolites in the MRSI signal 
may reflect the evolution of the MS lesions, potentially serv-
ing as a marker of disease progression [20]. Furthermore, a 
limited association between focal lesion burden and physi-
cal and cognitive function, known as the clinico-radiolog-
ical paradox, suggests that MS pathology extends beyond 
lesions affecting normal-appearing white matter (NAWM) 

[29]. The latter could theoretically contribute to autonomic 
dysfunction. Therefore, the second aim of our study was 
to investigate cardiac autonomic function in the context of 
lesional white matter (LWM) and non-lesional white matter 
(NLWM) metabolic status.

Subjects and methods

People with suspected MS were referred to the MS center 
at the 1st Department of Neurology, Faculty of Medicine, 
Comenius University by general practitioner offices or out-
patient neurology practices in Bratislava, Slovakia. After 
admission to the MS center, ANS testing was performed 
before diagnostic lumbar puncture, magnetic resonance 
imaging (MRI), and initiation of therapy in order to mini-
mize the possible effects of these procedures on autonomic 
functions. Subsequently, preliminary diagnosis of clini-
cally isolated syndrome (13 patients), relapsing–remitting 
MS (two patients), suspected demyelinating disorder (two 
patients), and other neurological disease (nine patients) was 
established based on the 2010 McDonald criteria [32]. The 
preliminary diagnosis of all patients enrolled in the study 
was revised after approximately 2 years of clinical monitor-
ing, and the most recent available diagnosis was used for the 
present study. From the initial 26 people with suspected MS, 
the relapsing–remitting form was confirmed in 16 subjects 
(MS group) after the initial investigations, and this form of 
MS was ruled out in ten subjects (data not shown). Fourteen 
healthy subjects served as controls (Table 1). Inclusion cri-
teria for all subjects were as follows: (a) no history of car-
diovascular, metabolic, endocrine, renal or hepatic disease, 
malignancy, or acute or chronic infection; (b) non-smokers; 
(c) women not pregnant or  breastfeeding; (d) and not cur-
rently on any medication. Healthy controls were recruited 
from among the employees of the Biomedical Research 
Center and 1st Department of Neurology.

All patients and controls gave their written informed con-
sent to participate in the study. The study was approved by 
the Ethics Committee of the Faculty of Medicine, Comenius 
University and University Hospital in Bratislava, Slovakia 
(reference number 110/2016) and by the Ethics Committee 
of the Bratislava Self-Governing Region, Bratislava, Slo-
vakia (reference number 00581/2017/HF). After a detailed 
explanation, all subjects participating in the study signed 
informed consent. For each subject, a complete medical and 
medication history and physical examination were taken, 
with emphasis on symptoms and signs of MS. Of all the 
study participants, eight people with MS and eight healthy 
subjects, agreed to participate in the MRSI investigation.

All subjects were asked to fast overnight and to abstain 
from intense physical activity, smoking, caffeine, alcohol, 
and any medication for 12 h before each test. The testing 
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started between 8:00 and 9:00 am and was performed in 
a quiet room to prevent possible distractions. Body height 
was measured manually, and body weight, body mass index, 
and percentage body fat were determined with quadrupedal 
bioimpedance (BF-511, Omron, Kyoto, Japan). An intrave-
nous catheter was inserted into the cubital vein and subjects 
were asked to rest in the supine position for at least 15 min. 
The baseline blood sample was taken, and blood pressure 
was measured after this stabilization period in the supine 
position.

For assessment of cardiovagal baroreflex function, non-
invasive measurement of beat-to-beat blood pressure was 
obtained using a Nexfin (BMEYE, Amsterdam, The Neth-
erlands) device. After at least a 15-min baseline period after 
catheter insertion, while supine with head on the pillow, 
each subject performed at least two Valsalva maneuvers 
approximately 5 min apart, as described elsewhere [10, 18]. 
Briefly, the patient blew into a plastic tube connected to a 
sphygmomanometer, maintaining pressure of 30 mmHg for 
12 s. The cardiovagal  baroreflex gain (BRG) was calculated 
as the slope of the relationship between the cardiac inter-beat 
interval and the beat-to-beat systolic blood pressure (SBP) 
(with a 1-beat delay) during the descent of pressure in Phase 
II of the maneuver. A slope of 3 ms/mmHg or less, about one 
half of normal, defined cardiovagal baroreflex failure [9]. A 

Valsalva ratio (VR) was calculated to provide information 
pertaining to cardiovagal function. The VR was calculated 
by obtaining the maximum HR (HRmax) generated during 
the maneuver divided by the minimum HR (HRmin) attained 
within 30 s of the peak HR (VR = HRmax/HRmin). The HR 
change in Phase IV was calculated as HRmax − HRmin. In 
addition to the HR analysis, the blood pressure-related out-
comes of the Valsalva maneuver were analyzed as described 
elsewhere [36]. Briefly, baseline blood pressure was calcu-
lated as an average of the SBP approximately 1 min pre-
ceding each Valsalva maneuver, with the exclusion of the 
15 s immediately prior to the test. Phase II Early drop was 
measured as the difference between the baseline blood pres-
sure and Phase II Early; Phase II Late rise was calculated as 
the rise in SBP from Phase II Early to Phase II Late; Phase 
IV overshoot was calculated as the difference between the 
baseline blood pressure and the maximal SBP value after 
termination of expiration: pressure recovery time was calcu-
lated as the duration from the lowest SBP in Phase III until 
the blood pressure reached baseline. Flat-top responses were 
classified as Phase II Early, not descending below baseline 
blood pressure. Observations with no rise in blood pressure 
following Phase II Early during the Valsalva maneuver were 
classified as responses with no Phase II Late.

Table 1   Basic characteristics 
of people with early relapsing–
remitting multiple sclerosis 
(MS) and healthy participants 
(controls)

a MS vs. Control p = 0.48 (chi-square test). bMS vs. Control = nonsignificant (t test)

MS Controls

Number of subjects 16 14
Male/femalea 6/10 7/7
Age (years)b 30.1 ± 1.8 30.4 ± 1,8
Body mass index (kg/m2)b 22.1 ± 0.8 23.0 ± 0.7
Body fat (%)b 25.6 ± 2.6 24.9 ± 2.0
Time from first symptoms to testing (weeks, range) 18.7 ± 5.2 (1–54) –
Number of patients with relapse at the time of testing 12 (75%) –
Expanded disability status scale (median, range) 1.75 (0–5.5) –
MRI dissemination in space 15 (94%) –
MRI dissemination in time 11 (69%) –
Number of patients with at least one active lesion 10 (63%)
Number of MRI active lesions (median, range) 1 (0–7) –
Motor symptoms 5 –
Sensory symptoms 15 –
Cerebellar symptoms 4 –
Vestibular symptoms 3 –
Brainstem symptoms 2 –
Taste symptoms 1 –
Pain symptoms 1 –
Visual symptoms 0 –
Oligoclonal bands in cerebrospinal fluid (median, range) 4 (0–20)
Number of patients with kappa free light chains in cerebrospinal 

fluid
16
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After a stabilization period of approximately 15 min, 
the orthostatic test was performed on a motorized tilt table 
for 10 min, as described elsewhere [17]. In the case of 
orthostatic intolerance symptoms, e.g. lightheadedness or 
presyncope, the patient was tilted back to the supine posi-
tion before the end of the test at 10 min. An electrocardio-
gram was recorded continuously using a PowerLab device 
and LabChart software (ADInstruments Pty Ltd, Australia) 
connected to a personal computer during the Valsalva 
maneuver and the orthostatic test. Data extraction for SBP, 
diastolic blood pressure (DBP), HR, stroke volume (SV), 
and systemic vascular resistance (SVR) was performed on 
the approximately 1-min artifact-free recording from the 
noninvasive continuous blood pressure monitor (Nexfin, 
BMEYE, Amsterdam, Netherlands) before and 1, 2, 3, 
and 5 min after tilt. Cardiac output (CO) was calculated 
from the extracted SV and HR values in the respective 
time intervals. The blood pressure module for LabChart 
software (ADInstruments Pty Ltd, Australia) was used to 
extract SBP data from Valsalva maneuver recordings. For 
assessment of HRV, approximately 5-min-long artifact-
free electrocardiogram segments corresponding to the time 
of blood sampling were analyzed using the HRV mod-
ule for LabChart software (ADInstruments Pty Ltd, Aus-
tralia). The following HRV parameters were calculated: 
mean length of the NN (normal-to-normal) interval, total 
power (TP) in the range of 0.00–0.40 Hz, low-frequency 
power (LF) in the range of 0.04–0.15 Hz, high-frequency 
power (HF) in the range of 0.15–0.40 Hz, LF/HF ratio, and 
LF and HF in normalized units (LFnu, HFnu). The LFnu 
was calculated using the equations LFnu = 100.0 × LF 
Power/(Total Power − VLF Power) and HFnu = 100.0 × HF 
Power/(Total Power − VLF Power) by the HRV module. 
If respiratory rhythm at the time of measurement was less 
than nine per min (0.15 Hz), the electrocardiogram sample 
was excluded from HRV analysis.

In the present study, the Stroop color and word test was 
used as a mental challenge, as described elsewhere [7]. 
Briefly, the test is based on the interference between the 
words and the colors. Sample color words are printed in 
colored fonts, which are incongruent with respect to the 
color word itself. The total duration of the mental stress 
procedure was 10 min. Before the Stroop test started, the 
subjects were asked to change from supine to sitting posi-
tion, the ECG leads and blood pressure finger cuff used in 
the previous testing (the orthostatic test) were disconnected, 
and the testing procedure was explained in detail by the 
investigator. After at least 15 min in sitting position, base-
line blood samples were collected (0 min); the second blood 
sample was taken at the end of the Stroop test (10 min). 
Blood pressure was measured using a digital sphygmoma-
nometer (Omron M2, Omron Corporation, Kyoto, Japan) 
by manually triggering measurement before and after the 

Stroop test at 10 min. HRV was not analyzed due to speech 
interference with breathing patterns during the Stroop test.

For the orthostatic and Stroop tests, blood was drawn 
into polyethylene tubes with EDTA as anticoagulant and 
immediately cooled in ice. After centrifugation at 4 °C, all 
plasma aliquots were stored at −70 °C until assay. Plasma 
epinephrine (EPI) and norepinephrine (NE) concentrations 
were measured with commercially available enzyme-linked 
immunosorbent assay kits (Demeditec Diagnostics GmbH, 
Kiel, Germany) according to the manufacturer’s instructions.

Proton magnetic resonance spectroscopic imaging (1H 
MRSI) was performed on a 7 T whole-body MR scanner 
(Magnetom; Siemens Healthcare, Erlangen, Germany) using 
a 32-channel head coil (Nova Medical, Wilmington, MA, 
USA). Anatomical images (three-dimensional T2-weighted 
fluid-attenuated inversion recovery and three-dimensional 
T1-weighted magnetization-prepared 2 rapid acquisition 
gradient echoes) were acquired to visualize MS lesions and 
position MRSI volume of interest. MR spectra were obtained 
with two-dimensional MRSI based on free induction decay 
acquisition and with fourfold parallel imaging acceleration 
implemented [1, 15, 41]. The sequence parameters were as 
follows: acquisition delay/repetition time, 1.3/200 ms; field 
of view, 200 × 200 mm2; slice thickness, 8 mm; matrix size, 
100 × 100; nominal voxel volume, 2.2 × 2.2 × 8 mm3; flip 
angle, 29°; acquisition time, 6:06 min. In-house-developed 
software was used for automatic data processing, including 
LCModel (version 6.3-1; http://s-prove​ncher​.com/lcmod​
el.shtml​) spectral fitting. Three regions of interest were ana-
lyzed: lesional white matter (LWM) and non-lesional white 
matter (NLWM) in people with MS, and normal-appearing 
white matter (NAWM) in healthy participants. The regions 
were drawn manually on corresponding T2-weighted fluid-
attenuated inversion recovery images using ITK-SNAP soft-
ware (version 3.6; http://www.itksn​ap.org/pmwik​i/pmwik​
i.php). In NLWM, one region of interest was placed close 
to the LWM (< 1 cm) and another, if possible, far from the 
LWM (> 3 cm). For each location, i.e. LWM, NLWM close 
to lesion, NLWM far from a lesion, and NAWM, two regions 
were drawn per subject.

Statistical analyses were performed using IBM SPSS Sta-
tistics version 19 (SPSS Inc., Chicago, IL, USA). Changes 
associated with the tilt table test were analyzed using the 
general linear model for repeated measures. Group differ-
ences in mean values were analyzed by Student’s t test or 
the Mann–Whitney U test, depending on the normality of 
the data distributions. The paired-sample t test was used to 
analyze the mean ratios of MRSI brain metabolites in LWM 
compared to NLWM in people with MS. Autonomic testing 
outcomes were correlated with MRSI data using the non-
parametric Spearman’s rank test. All values are expressed 
as mean ± standard error of the mean unless stated other-
wise. Fisher’s exact test was used to calculate proportions 

http://s-provencher.com/lcmodel.shtml
http://s-provencher.com/lcmodel.shtml
http://www.itksnap.org/pmwiki/pmwiki.php
http://www.itksnap.org/pmwiki/pmwiki.php
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of subjects with orthostatic intolerance during the tilt table 
test. A p value of less than 0.05 was considered statistically 
significant.

Results

After the definitive diagnosis of relapsing–remitting MS was 
confirmed or ruled out, non-MS subjects were excluded from 
further analyses. The basic characteristics of the people with 
MS and healthy participants are shown in Table 1. BRG 
measured during late phase II of the Valsalva maneuver did 
not differ between people with MS and healthy participants. 
All the subjects had BRG higher than 3 ms/mmHg. HRmax, 
HRmin, and VR and HR change in Phase IV of the test were 
comparable between the MS and control groups (Table 2). 
SBP responses to the Valsalva maneuver during the Phase 
II Early, Phase II Late, Phase IV, and pressure recovery time 
were comparable between the groups. Two people with MS 
(12.5%) and one healthy participant (7.1%) had flat-top 
response to the Valsalva maneuver.

Orthostatic intolerance occurred in one MS subject and 
in one healthy participant during the orthostatic test. These 
subjects were immediately placed in the supine position, and 
blood samples were taken prematurely. Head-up tilt caused 
a significant increase in DBP (Fig. 1), CO, SVR, EPI, and 
NE (p < 0.001 for all parameters) compared to the supine 
position. LFnu and LF/HF ratio significantly increased 
(p < 0.001), and HFnu significantly decreased (p < 0.001) 
during the orthostatic test compared to the supine position. 
During the orthostatic test, the changes in HR (p = 0.034) 
and SV (p = 0.008) between 2 min and baseline were sig-
nificantly larger in the MS group than in the control group 
(Fig.  1). Although the baseline plasma NE was lower 
(p = 0.018) in MS patients than in controls, the groups did 

not differ in NE response to orthostasis (Fig. 1). Responses 
of SBP, DBP, CO, SVR, EPI, LFnu, HFnu, and LF/HF ratio 
to head-up tilt were comparable between the MS and control 
groups.

SBP and EPI were significantly (p < 0.05 for all measures) 
higher at 10 min of the Stroop color and word test com-
pared to baseline. However, the increases were comparable 
between the groups, with only a tendency toward lower EPI 
(p = 0.076) in people with MS compared to healthy partic-
ipants. DBP, NE, and HR did not change significantly in 
response to the Stroop test.

MRSI data are shown in Table  3 and in Fig.  2. The 
NLWM of MS patients localized close to suspected lesions 
and far from them (data not shown) did not differ in any 
of the analyzed MRSI parameters; therefore, only NLWM 
close to lesions was used for further analysis. LWM had 
lower total N-acetylaspartate (tNAA)/total creatine (tCr) 
(p = 0.038) and higher myo-inositol (mIns)/tCr (p = 0.013), 
higher mIns/tNAA (p = 0.01), and higher choline-containing 
metabolites (tCho)/tNAA (p = 0.028) in the MS group. LWM 
had also lower tNAA/tCr (p = 0.001) and higher (p < 0.001) 
mIns/tCr, higher mIns/tNAA (p = 0.001), and higher tCho/
tNAA (p = 0.01) compared to the control group. In addi-
tion, the similar trend in lower tNAA and higher mIns was 
also observed in the NLWM of MS patients versus healthy 
participants (Table 3). Glutamate-glutamine (Glx)/tNAA 
and Glx/tCr ratios did not differ between MS and controls. 
There was a positive correlation between Glx/tNAA and VR 
in the NLWM of MS patients (r = 0.79, p = 0.021, n = 8) but 
not in the NAWM of controls during the Valsalva maneu-
ver (Table 4). Similarly, a positive correlation was found 
between Glx/tCr and HR variability in the low-frequency 
spectrum (r = 0.79, p = 0.021, n = 8) as well as a negative 
correlation between Glx/tCr and HR variability in the high-
frequency band (r = −0.74, r = 0.037, n = 8) at 2 min of the 
orthostatic test. On the other hand, a positive correlation was 
found between these Glx ratios and NE increments during 
the orthostatic test in healthy participants but not in patients 
with MS (Table 4).

Discussion

In the present study, we evaluated sympathetic noradrenergic 
and cardiovagal baroreflex functions in people with relaps-
ing–remitting MS. Our results show normal catecholamine 
and cardiac autonomic responses to non-postural and pos-
tural hemodynamic blood pressure changes as well as to 
mental stress. These results indicate preserved autonomic 
control of the cardiovascular system at around the first epi-
sode of neurological symptoms of MS and before the initia-
tion of therapy.

Table 2   Valsalva maneuver outcomes of people with early relapsing–
remitting multiple sclerosis (MS) and healthy participants (Controls)

*MS vs. Controls = nonsignificant (t test)

MS* Controls

Systolic blood pressure (mmHg) 112.1 ± 2.1 116.8 ± 3.2
Diastolic blood pressure (mmHg) 71.4 ± 1.8 71.8 ± 2.4
Baroreflex gain (ms/mmHg) 9.3 ± 0.5 9.4 ± 0.6
Heart rate max (beats/min) 106.2 ± 4.2 104.4 ± 3.7
Heart rate min (beats/min) 58.7 ± 1.6 53.4 ± 2.0
Valsalva ratio 1.84 ± 0.11 1.98 ± 0.08
Phase II Early (mmHg) −15.7 ± 5.5 −14.8 ± 4.8
Phase II Late (mmHg) 9.7 ± 3.2 13.2 ± 4.5
Phase IV (mmHg) 22.5 ± 4.7 22.3 ± 5.4
Pressure recovery time (s) 1.8 ± 0.3 1.43 ± 0.2
Phase IV heart rate change (beats/min) 47.5 ± 5.2 51.1 ± 3.5
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As reviewed recently, sympathetic activity may be sig-
nificantly increased during the early stages of MS, while 
later disease stages may lead to progressive noradrenergic 
failure and adrenergic receptor dysfunction [5, 23, 33]. Our 
present results are in line with the former, showing higher 
HR response to an orthostatic challenge in people with MS 
at the early stages of the disease compared to healthy partici-
pants. The findings of higher HR response to a significantly 
larger SV decrease in the MS group compared to controls 
during the tilting confirms that sympathetic noradrenergic 
activation was able to maintain adequate blood pressure 
in subjects with suspected MS. Moreover, normal barore-
flex gain and SBP responses during the Valsalva maneuver 
indicate well-preserved sympathetic-mediated baroreflex 
function in our group of relapsing–remitting MS subjects. 
Comparable plasma NE and EPI responses to orthostasis and 
mental challenge between patients and controls support the 
interpretation of our findings.

An assessment of the baroreflex provides important infor-
mation on the function of the sympathetic noradrenergic and 
parasympathetic cholinergic (vagal) branches of the ANS. 

Fig. 1   Systolic (circles) and diastolic (squares) blood pressure (a), 
heart rate (b), stroke volume (c), and norepinephrine (d) responses to 
orthostasis in 16  relapsing–remitting multiple sclerosis patients (MS, 
filled symbols) and 14 healthy controls (empty symbols). NS non-

significant, *p = 0.034 (general linear model for repeated measures), 
##p = 0.008 (general linear model for repeated measures), +p = 0.018 
(t test)

Table 3   Total N-acetylaspartate (tNAA), total creatine (tCr), myo-
inositol (mIns), choline-containing metabolites (tCho), glutamate and 
glutamine (Glx) ratios to tNAA or tCr in lesional white-matter (MS 
LWM) and non-lesional white matter (MS NLWM) of eight patients 
with early MS and in corresponding normal white matter (Control 
NAWM) areas of eight healthy controls quantified by in vivo proton 
magnetic resonance spectroscopic imaging (1H MRSI)

MS LWM vs. controls and MS NLWM vs. controls *p < 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. MS lesion vs. MS NLWM #p < 0.05, 
##p ≤ 0.01

MS LWM MS NLWM Control NAWM

tNAA/tCr 0.96 ± 0.1***# 1.22 ± 0.06* 1.47 ± 0.07
tCr/tNAA 1.19 ± 0.07**# 0.86 ± 0.03** 0.71 ± 0.04
mIns/tNAA 1.54 ± 0.25***## 0.85 ± 0.08** 0.52 ± 0.03
mIns/tCr 1.26 ± 0.09***# 0.99 ± 0.08* 0.75 ± 0.06
tCho/tCr 0.43 ± 0.02 0.43 ± 0.01 0.46 ± 0.02
tCho/tNAA 0.50 ± 0.06**# 0.36 ± 0.01 0.32 ± 0.02
Glx/tCr 0.51 ± 0.10 0.48 ± 0.07 0.46 ± 0.09
Glx/tNAA 0.61 ± 0.16 0.41 ± 0.06 0.31 ± 0.06
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In addition to high-frequency power of HRV as a generally 
accepted respiration-related measure of parasympathetic 
cardiovagal outflow, low-frequency power has been shown 
to reflect baroreflex-mediated phasic changes in cardiovagal 
and sympathetic noradrenergic outflows [28]. In our study, 
comparable VR and HRV in the high-frequency spectrum 
between patients with MS and healthy participants indicate 
normal cardiovagal function in the early stages of MS. Over-
all our findings are consistent with the notion that cardiac 
autonomic failure develops with MS progression, reflect-
ing structural damage of centers involved in cardiovascular 
control and cardiovascular responses [5, 23, 33, 42]. In line 
with the results of other studies [4], the observed changes 
in cardiac autonomic function in our study may reflect car-
diovascular deconditioning during the extremely stressful 
period of life for suspected MS subjects, as commonly seen 
in cancer patients [24].

In recent years, MRSI has been used to measure metabo-
lite concentrations in lesions as well as in the NAWM of MS 
patients in order to identify a stage of disease. Characteris-
tic metabolic markers tNAA reflects neuroaxonal integrity; 
tCr represents a putative marker for cell proliferation; tCho 
involved in membrane turnover represents the course of 
inflammation, demyelination, and remyelination; Ins indi-
cates glial (astrocytic) proliferation; and Glx are markers 
of glia-neuron metabolism based on non-oxidative glucose 
consumption [31]. As expected, our results of in vivo MRSI 

showed lower tNAA/tCr and higher mIns/tCr ratios in the 
LWM of MS patients, reflecting a decline in neuronal health, 
mitochondrial function, astroglial activation, and gliosis 
[38]. In contrast to previous studies with conventional MRSI 
or single-voxel spectroscopy methods, the present results 
were acquired at much higher spatial resolution (i.e. ~ 2 × 2 
mm2 in-plane), which allowed us to assess relatively small 
MS lesions without the partial volume bias typical for low-
resolution MRSI [16]. Recently, Kirov et al. described a 
sequence of changes in MRSI metabolites in pre-lesional 
tissue and acute and resolving MS lesions [20]. Based on the 
specific temporal pattern of tNAA and mIns, i.e., the decline 
in acute lesions followed by a gradual return to pre-lesion 
levels in tNAA and higher mIns in resolving lesions [20], the 
lesions analyzed in our patients with MS were likely in the 
post-acute/early resolving stage. On the other hand, only a 
modest difference in the tCho signal was detected in lesions 
of our MS group compared to the control group, consistent 
with the early stages of the disease characterized more by 
neuroinflammation than de- and remyelination.

A longitudinal MRSI observation by Kirov et al. showed 
that diffuse white matter glial abnormalities were present in 
MS, suggesting that brain functions other than those affected 
by actual lesions can contribute to the disease pathophysiol-
ogy [21]. In our study, the similar pattern of lower tNAA/tCr 
and higher mIns/tCr ratios, as detected in lesions, was also 
found in the NLWM of MS subjects compared to healthy 

Fig. 2   Examples of meta-
bolic images acquired with 
proton magnetic resonance 
spectroscopic imaging at 7 T 
in a person with multiple 
sclerosis (MS) and healthy 
control (CON) (a) together 
with representative MR spectra 
from lesional (MS lesion) 
and non-lesional white matter 
of MS patient (NLWM) and 
normal-appearing white matter 
(NAWM) of healthy control (b). 
tNAA Total N-acetylaspartate, 
tCr total creatine, mIns myo-
inositol, tCho choline-contain-
ing metabolites, Glx glutamate 
and glutamine, FLAIR fluid-
attenuated inversion recovery, 
T1w T1-weighted
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controls, suggesting that neuronal health, mitochondrial 
function, and glial activation might not be exclusive to 
areas affected by inflammatory reactions, but also present 
nonspecifically in other brain areas. Theoretically, these 
nonspecific changes could affect brain regions involved in 
autonomic control in MS. Our study explored this possibility 
by correlating MRSI signal with clinical and neurochemi-
cal outcomes of cardiac autonomic testing, i.e., Valsalva 
maneuver and the orthostatic test. Interestingly, we found an 
association between Glx signal and markers of sympathetic/
parasympathetic balance during the latter two tests in peo-
ple with MS but not in healthy participants. These correla-
tions suggest a possible link between the NLWM metabolic 
activity in MS and sympathetic/parasympathetic balance; 
however, this interpretation is limited by the low number of 
subjects in the MRSI part of our study. Further large-scale 
MRSI studies are necessary to analyze the metabolic activity 
of brain regions involved in autonomic control in MS.

The major limitation of the present study is the relatively 
small number of studied subjects due to strict inclusion cri-
teria and relatively short time period between MS diagnosis 
and treatment initiation at our center. Another important 
limitation of our study is that the disease activity could not 
be measured using the annualized relapse rate or relapse-free 
proportions due to the relatively short follow-up period after 
the initial investigation. The most appropriate way to per-
form the Valsalva maneuver is to maintain 40 mmHg expira-
tory pressure for 15 s; however, in our study the 30 mmHg 
target pressure with 12 s duration was chosen to minimize 
difficulties in maintaining the target pressure by people with 
MS, especially those in the relapse phase of the disease. The 
lower target expiratory pressure and shorter duration of the 
forceful exhalation phase of the test might have affected the 
outcomes of the Valsalva maneuver. The height of the mer-
cury column should be maintained at 40 mm (not 30 mm). 
A high degree of variability in clinical MRI findings, i.e., 
supra- and infratentorial localization of lesions, did not 
allow us to infer a possible association between potential 
damage to autonomic centers and autonomic functions, 
and the MRSI was not a priori targeted to the autonomic 
centers of the brain. In our study, the Nexfin device was 
used to monitor beat-to-beat blood pressure, HR, SV, CO, 
and SVR during the orthostatic test. Although noninvasive 
photoplethysmography has been shown to reliably estimate 
blood pressure and HR changes, the use of this method for 
hemodynamic parameters, i.e. SV, CO, and SVR, remains 
controversial [39].

In conclusion, our results show normal cardiac sympa-
thetic and baroreflex cardiovagal function in people with 
relapsing–remitting MS. Rather than being the primary 
factor in the MS pathogenesis, these results suggest that 
autonomic dysfunction develops as a secondary epiphenom-
enon with disease progression. Our MRSI findings reflect a 
decline in neuronal health, mitochondrial function, astro-
glial activation, and gliosis in the LWM, consistent with the 
post-acute/early resolving stage of the lesions in our group 
of people with MS. In addition to LWM, our data show that 
metabolic changes are also present in the NLWM of MS 
subjects.
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