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Abstract Demyelination in multiple sclerosis (MS) may

cause damage to the vegetative nervous system. Our

objective was to examine cerebral autoregulation assessed

via blood pressure and cerebral blood flow velocity fluc-

tuations during head-up tilt table testing. We also investi-

gated the effects of high-dose intravenous corticosteroid

treatment. Transcranial Doppler registration of middle

cerebral artery blood flow velocity and continuous blood

pressure and heart rate monitoring were performed at rest

and during tilt table testing in 30 MS patients. Ten age-

matched healthy subjects were also examined as controls.

Correlations between mean arterial blood pressure (MBP)

and cerebral blood flow velocity (CBF) fluctuations were

averaged, yielding the correlation coefficient index Mx.

For a subgroup of 11 patients with acute exacerbations,

results were also evaluated before and after methylpred-

nisolone treatment (1 g/day intravenously for 5 days). No

significant differences in the autoregulatory indices were

seen between patients and controls, or between pre- and

post-steroid results. Modeling CBF velocity changes

associated with a 1-mmHg increase in MBP, significant

differences (p \ 0.05) were detected in patients vs. con-

trols, and also after vs. before steroid administration. We

conclude that cerebrovascular autoregulation impairments

are detectable in early phase MS. Corticosteroid treatment

has a significant effect on hemodynamic changes in acute

exacerbations.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory, demy-

elinating and degenerative disease of the central nervous

system, usually characterized clinically by relapses,

remissions, and progression of disability over time. Acute

attacks of demyelination typically occur at irregular inter-

vals, often resulting in increasing motor disability, visual or

sensory loss. There is also evidence of autonomic dys-

function involving the cardiovascular regulation system in

MS patients, but this is often subclinical [1–8]. Cerebral

vessels are richly innervated by both sympathetic and

parasympathetic nerves, and MS may secondarily affect

cerebral autoregulation [9]. By definition, cerebrovascular

autoregulation is the intrinsic ability of the brain to main-

tain a constant cerebral blood flow during changes of

cerebral perfusion pressure (CPP) [10, 11]. Cerebral auto-

regulation testing implies a hemodynamic stimulus, such as

pharmacon-induced arterial pressure elevation, thigh cuff

release, or tilt table declination [10]. Transcranial Doppler

(TCD) is a non-invasive method for the assessment of

changes in cerebral blood flow (CBF) velocity. Autoregu-

lation monitoring relies on the observation of spontaneous

responses of CBF to spontaneous fluctuations in CPP or

mean arterial blood pressure (MBP). Thus, continuous

blood pressure measurement coupled with TCD-based CBF

velocity detection in the middle cerebral arteries (MCAs)

allows us to evaluate cerebral autoregulation.

High-dose corticosteroid therapy is the standard regimen

for the treatment of acute relapses and optic neuritis; the

Z. Mezei (&) � L. Olah � R. K. Kovacs � L. Csiba � T. Csepany

Department of Neurology, University of Debrecen,

Moricz Zs. 22, Debrecen 4032, Hungary

e-mail: zsolti.mezei@gmail.com

L. Kardos

Kenezy Hospital, Bartok B. 2-26, Debrecen 4031, Hungary

123

J Neurol (2013) 260:2335–2342

DOI 10.1007/s00415-013-6977-0



effect is on inflammation rather than re-myelination and

repair of axonal injury [12–15]. A great diversity of

mechanisms are potentially involved in the modulation of

neuroinflammation by glucocorticoids including: inhibition

of pro-inflammatory cytokine production (interferon

gamma), upregulation of anti-inflammatory cytokines

(interleukin-10), down-regulation of the expression of cell

adhesion molecules (very late antigen-4) and chemokine

receptors (CXCR3), the induction of T cell apoptosis,

inhibition of nitric oxide production and restoring of the

blood–brain barrier through down-regulating matrix

metalloproteinases, consequently leading to local changes

in cerebral blood flow. It is not well understood which

mechanisms are essential for therapeutic efficacy [16].

Clinical improvement can be assessed by the expanded

disability status scale (EDSS). In addition to their acute

effects, steroids are known not to affect patients’ long-term

disability outlooks.

This study’s objective was the TCD-based assessment of

cerebrovascular autoregulation in the early phase of the

disease, whether dysregulation can be detected in patients

without significant clinical disability compared to healthy

controls. In cases of acute inflammation, i.e., the subgroup

of patients with exacerbations, the effect of high-dose anti-

inflammatory methylprednisolone (MP) treatment on

cerebral hemodynamic changes was also evaluated.

Patients and methods

Thirty patients were enrolled from our neuroimmunology

clinic (23 women, seven men; mean age [SD]: 35.1 [9.6]

years; duration of the disease: 5.9 [6.8] years). Patients

were diagnosed as having relapsing-remitting (RR)

(n = 20), primary-progressive (PP) (n = 3) MS according

to revised McDonald criteria [17], or clinically isolated

syndrome (CIS) (n = 7). Subjects with severe disability

(unable to stand and walk without help) were not included.

All patients underwent detailed neurological examination

performed by the same neurologist. None of the subjects

had any other diseases that could have affected cerebro-

vascular autoregulation (e.g., diabetes mellitus, stroke,

thyroid dysfunction). Examinations were also done in ten

age- and gender-matched healthy persons as a control

group (eight women, two men; mean age [SD]: 34.2 [6.8]).

Eleven patients (nine RR-MS, two CIS) had acute exac-

erbations and received 1,000 mg of methylprednisolone

intravenously (iv.) for five consecutive days. These sub-

jects were examined before and after the high-dose meth-

ylprednisolone treatment (mean time interval: 6 [1.3]

days). Exacerbation was defined as a rapid, progressive

worsening of symptoms or development of a new neuro-

logical deficit lasting more than 24 h. All subjects signed a

written informed consent prior to the investigation. The

trial protocol was approved by the local Ethical Committee

of University of Debrecen Medical and Health Science

Center.

Tilt table tests

Each subject was examined in the morning after overnight

fasting. Caffeine-containing products, alcohol, or medica-

tions were avoided. Real-time registration of blood flow

velocity in both middle cerebral arteries by transcranial

Doppler (Multidop 94, DWL Compumedics Germany

GmbH), and non-invasive beat-to-beat blood pressure and

heart rate monitoring (CNSystems Task Force monitor

3040i) were continued for 10 min in the supine position for

30 min in a tilted-up position at a 70� angle on the tilt

table, and for a final 5 min after tilting back to the supine

position. MCA blood flow velocities were recorded at a

depth of 50–60 mm through the temporal bone window

using 2-MHz TCD probes.

Statistical analysis

The method used for assessment of dynamic cerebral

autoregulation has been described previously [10, 11].

Mean values of arterial blood pressure (MBP) and cerebral

blood flow velocity were averaged over 3-s intervals. From

a consecutive 20 such values, Pearson correlation coeffi-

cients between MBP and CBF velocity were calculated for

each subject and each minute of a 10-min period. The

resulting sets of 1-min correlation coefficients were then

averaged for each subject, yielding the autoregulatory

index Mx, reflecting the correlation between MBP and

mean CBF velocity. Slopes of the rise in heart rate after

tilting up were also examined. Changes in CBF velocity

associated with a 1-mmHg increase in MBP after the

provocation were estimated using multilevel mixed effects

linear regression. The analysis encompassed both imme-

diate and delayed changes in CBF, ranging from 0 to 12 s

of lag after the provocation. Lag-by-lag and rolling-sum-

med lag effects were evaluated (lag-by-lag effects refer to

the additive change in blood flow velocity in reference to

the previous second, specifically for each lag-second;

rolling-summed lag effects refer to cumulative changes

from the moment of MBP increase up to the given lag-

second). For unadjusted between-group comparisons, Stu-

dent’s two-sample t test, Wilcoxon rank-sum test, and the

Kruskal–Wallis test were used, subject to number of groups

compared and distributional assumptions. Unadjusted

within-group before–after comparisons were made using

Student’s paired t test or Wilcoxon matched-pairs signed-
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ranks test, subject to distributional assumptions. Values of

p \ 0.05 were considered to indicate statistical

significance.

Results

Clinical characteristics of the patient and control groups are

summarized in Table 1. Patients’ mean age was 35 years,

with \6 years of disease history on average. None of the

patients had significant clinical disability. The mean score

was 2.6 [1.24] on the Expanded Disability Status Scale

(EDSS) and 0.054 [0.5] on the Multiple Sclerosis Func-

tional Composite (MSFC) instrument. Fourteen patients

were on immunomodulatory treatment (interferon-beta or

glatiramer-acetate) and one patient received plasmaphere-

sis after the examination because of a severe relapse. None

of the subjects had any other concomitant disease that

could have affected cerebrovascular autoregulation (e.g.,

diabetes mellitus, stroke, thyroid dysfunction). The con-

ventional MRI examination showed more than nine

supratentorial lesions in 25 patients, at least one brainstem

lesion in 21 cases, and spinal cord lesions in 13 cases on

T2-weighted images. Table 2 presents p values for differ-

ences comparing patients and controls in terms of Mx

index before, during, and after provocation by tilting. The

Mx index for the correlation between MBP and CBF

velocity changes was calculated for the left and right sides

separately, and also bilaterally. All results were compared

to their counterparts obtained from the control group.

Calculations were also carried out stratified for disease

subtype. No significant differences were seen in unilateral

or bilateral Mx indices between patients and controls

before or after provocation by tilting (Table 2). Similar

non-significant Mx index differences were found when

comparing patients of various MS subtypes to healthy

subjects. No correlation was found between Mx values and

EDSS or MSFC results.

Eleven patients suffering from acute exacerbation (nine

RR-MS, two CIS) were examined before and after intra-

venous corticosteroid treatment. Clinical improvement was

assessed via EDSS and MSFC. The mean [SD] EDSS was

3.59 [0.8] before the treatment and decreased to 3.32 [0.93]

(p = 0.084), while MSFC changed from -0.22 [0.46] to

–0.02 [0.57] (p = 0.024) during the treatment period. The

administration of high-dose methylprednisolone did not

cause significant changes in the Mx indices (Table 2).

Though these analyses did not detect any significant

differences between MS patients and controls, Fig. 1 shows

that a more prominent increase in heart rate and a greater

decrease in CBF velocity were observed in patients than in

controls after head-up tilting (Fig. 1). Curves were simi-

larly different after vs. before steroid administration

(Fig. 2), suggesting a tendency of normalization for these

parameters. The slope of the upsurge section of the heart

rate curve was not significantly steeper in the patient group.

However, the slope of tilt-induced heart rate elevation was

significantly lower after steroid treatment within the first

8-s time-window after the stimulus (p = 0.010); the dif-

ference gradually diminished upon extending the slope

calculation time-window to 14 s where it became of bor-

derline significance (p = 0.05).

Finally, changes in CBF velocity associated with a

1-mmHg increase in MBP were modeled. Upon an MBP

increase of 1 mmHg, CBF velocity also becomes higher by

about 0.5 cm/s within the same second (lag = 0), followed

by quick counter-regulation that produces an overshoot, but

eventually CBF velocity returns to the base level. The flow

increase after MBP elevation is lower in patients, but the

subsequent compensation is more prominent; these differ-

ences are statistically significant (p \ 0.05) (Fig. 3). The

differences were also significant when comparing MBP-

related CBF velocity changes after steroid administration

with the pre-treatment reference (Fig. 4).

Table 1 Clinical characteristics of patients and controls

Patients Controls

Number (RR/PP/CIS) 30 (20/3/7) 10

Age (Mean [SD] years) 35.1 [9.6] 34.2 [6.8]

Female sex (%) 23 (77) 8 (80)

Disease duration (Mean [SD] years) 5.9 [6.8]

EDSS (Mean [SD]) 2.6 [1.24]

MSFC (Mean [SD]) 0.054 [0.5]

Steroid treatment (RR/CIS) 11 (9/2)

RR relapsing-remitting, PP primary progressive, CIS clinically iso-

lated syndrome, EDSS expanded disability status scale, MSFC mul-

tiple sclerosis functional composite

Table 2 p values for Mx index differences

p (controls vs. MS patients) p (pre- vs. post-steroid)

Test

phase

Mx

left

Mx

right

Mx

bilateral

Mx

left

Mx

right

Mx

bilateral

Pre-tilt 0.329 0.595 0.708 0.998 0.462 0.911

Tilt 0.086 0.279 0.305 0.814 0.756 0.847

Post-tilt 0.806 0.969 0.970 0.328 0.976 0.719

Evaluating the autoregulatory Mx index, our study did not detect

significant differences, and produced similar correlation estimates

between MBP and CBF velocity, in healthy persons and MS patients

before, during, and after provocation by tilting (all p values are[0.05,

indicating that neither of the changes are significant). Similar non-

significant changes of the autoregulatory index were found after vs.

before administration of high-dose methylprednisolone. Mx index:

autoregulatory index reflecting the correlation between MBP and

mean CBF velocity, pre-tilt: before the tilt, tilt: tilting phase, post-tilt:

after the tilting period in supine position
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Discussion

Dynamic cerebral autoregulation (dCA), the acute response

of cerebral perfusion to changes in MBP, is a sensitive

indicator in the detection of cerebral hemodynamic

impairment. There are no clear standards for measurement

and analysis of dCA [18, 19]. The method used in this

study was previously applied in patients with head injury

and stroke [10, 11, 20]. The general assumption is that the

predominant sources of CBF velocity fluctuations over a

short period of time are fluctuations of CPP or MBP. By

continuous monitoring of consecutive time-averaged sam-

ples, a correlation coefficient between MBP and mean CBF

velocity is calculated. Evaluating the autoregulatory Mx

index, our study did not show a significant disturbance of

dynamic cerebral autoregulation in MS patients, and pro-

duced similar correlation estimates between MBP and CBF

velocity in healthy persons and MS patients. Beside dCA

we also evaluated the dynamic rise in heart rate after

provocation, but no significant difference was found in MS

patients compared to the control group. It is known from

the literature that a sudden drop in MBP evokes a response

characterized by decreased cerebral flow for a few seconds,

followed by a relatively slow return to the base level [18,

19]. In our investigation into the changes in CBF velocity

associated with a 1-mmHg increase in MBP, we observed

an immediate elevation in blood flow velocity, but 2 s later,

counter-regulation set in, causing an overshoot of the flow

velocity to below the base level. Another counter-regula-

tion occurred in the next second, and the flow velocity

gradually reached the base level after 5 s. Along the course

of the regulation process, significant differences were

detected between MS patients and the healthy group.

Impaired cardiovascular regulation can be an important

manifestation of autonomic dysfunction in MS patients.

Some studies reported decreased heart beat variability,

others described orthostatic tachycardia and dysregulation

of blood pressure and cerebral blood flow during tilt table

testing [2, 8, 21–27]. The pathophysiology behind these

symptoms is not fully clarified. Demyelinated plaques may

cause disruption to reflex pathways in crucial areas

including the brainstem, spinal cord, hypothalamus, limbic

system, and frontal cortex [2, 5, 8, 22, 24]. In our study, 25

out of 30 patients had multiple supratentorial lesions by

conventional MRI, 70 % had brainstem, and 43 % had

Fig. 1 Trends in heart rate and in cerebral blood flow during the test

in the patient and control groups. A prominent increase in heart rate

and a greater decrease in CBF velocity were observed in the patient

group after tilting up (HR heart rate, CBF cerebral blood flow

velocity)

Fig. 2 Trends in heart rate and in cerebral blood flow during the test

before and after steroid treatment. Increased CBF velocity and

reduction in the extent of heart rate elevation were observed after

steroid administration (HR heart rate, CBF cerebral blood flow

velocity)
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spinal cord location without hypothalamic or gray matter

involvement. In fact, multiple sclerosis is not only a focal,

inflammatory demyelinating disease. It is a diffuse central

nervous system disease with an important neurodegenera-

tive component, which occurs very early in the course of

disease and the correlation between MRI measures of

inflammation and neurodegeneration is weak in all disease

phases [28]. It is not surprising that the inclusion of the

MRI findings as adjustment factors or stratification vari-

ables did not affect the analysis results to any meaningful

extent. According to the literature, if orthostatic dysregu-

lation occurs, it never comes as the first manifestation or as

an episodic feature of multiple sclerosis: it is characteristic

of the late stage of the disease [3]. Longer disease duration

leads to progressive impairment of cardiac autonomic

balance in MS patients [6, 23, 25]. However, Flachenecker

[1] reported the presence of abnormal heart rate response to

orthostatic challenge in CIS patients.

Saari et al. [8] examined cardiovascular autonomic

control in 51 clinically definite MS patients and found that

the results were correlated with the lesion load on MRI

scans of the brain. Patients had relapsing-remitting or

secondary progressive MS with a mean EDSS of 4.3. The

study’s findings included reduced heart rate variation in

deep breathing, and decreased heart rate and blood pressure

response in tilt table testing. In particular, midbrain lesions

on the MRI scans were associated with cardiovascular

dysfunction.

Although these manifestations of autonomic dysfunction

are seldom recognized in patients with MS, they may cause

serious complications. Recently, Hengstman and Kusters

[29] published a case when a patient with active RR-MS

died unexpectedly due to a sudden onset of cardiac

arrhythmias and post-mortem examination showed the

presence of active demyelinating lesions in the medulla

oblongata.

Gonul et al. [9] examined cerebrovascular autoregula-

tion in 20 RR-MS patients by transcranial Doppler during

head-up tilt. The mean CBF velocity was found to be

significantly reduced in comparison with the baseline val-

ues in patients and controls after tilting up. They detected a

greater blood flow velocity decrease in patients than in

controls. Changes in CBF velocity were more prominent in

the subgroup of patients with EDSS C 2. No statistically

significant difference was found for change in mean blood

pressure and heart rate. Furthermore, there was no evidence

Fig. 3 Temporal sequence of the changes in CBF velocity associated

with a 1-mmHg increase in MBP in the patient and control groups.

The immediate flow elevation upon a unit increase in MBP is

significantly lower in patients: the subsequent compensation is more

prominent (95 % confidence intervals not including the reference line

indicate p \ 0.05, multilevel mixed effects linear regression). (MBP

mean arterial blood pressure, CBF cerebral blood flow velocity, lag-

by-lag effects: additive changes in blood flow velocity in reference to

the previous second, rolling-summed lag effects: cumulative changes

from the moment of MBP increase up to the given lag-second)
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for a relationship between the lesion locations on MRI and

the changes of CBF velocity values during head-up tilt in

patients with MS.

High-dose intravenous methylprednisolone is the most

common therapeutic modality to treat acute exacerbations

in MS. Glucocorticoids have beneficial effects on neuro-

inflammation as they induce or repress the expression of

secreted molecules and surface receptors on leukocytes,

endothelial cells of the blood–brain barrier, and also cause

T cell apoptosis [13–15]. Özkan et al. [30] observed a

significant decrease in CBF velocity with a non-significant

increase in vascular reactivity after 5 days of 1,000 mg iv.

methylprednisolone treatment in 48 MS patients. They

supposed that inflammation can cause an increase in blood

flow velocity due to increased perfusion. Steroid treatment

of the acute attack caused clinical improvement assessed

by EDSS and decreased perfusion measured by blood flow

velocity. Conversely, i.v. MP may cause cardiovascular

abnormality as a side effect: Vasheghani-Farahani et al.

[31] detected cardiac arrhythmias in MS patients receiving

high-dose steroids. This effect could be mediated by direct

action on the myocardial cell membrane, or via alterations

in cardiovascular sensitivity to catecholamines. Cortico-

steroids also have a mineralocorticoid function resulting in

the retention of sodium and intracellular fluids, causing

high blood pressure and congestive heart failure.

In this study, the effect of high-dose i.v. MP on dynamic

cerebral autoregulation was also investigated in a subgroup

of patients having acute exacerbations, but only a non-

significant difference in Mx indices was detected after

steroid treatment compared to the pre-steroid results.

However, the slope of tilt-induced heart rate elevation was

significantly lower after steroid administration within the

first 14-s time-window after the stimulus. Looking at a

1-mmHg MBP increase, the effect detected in CBF

velocity changes was significantly different after the

treatment than before. The difference could be explained

by the local changes in blood flow as a major consequence

of inflammation. Substances presumably released during

brain inflammation in multiple sclerosis, such as nitric

oxide and substance P, are classical vasodilators [32].

According to perfusion MRI studies, endothelial cell dys-

function occurs very early during the inflammatory cas-

cade, and acute plaques are associated with an increase in

Fig. 4 Temporal sequence of the changes in CBF velocity associated

with a 1-mmHg increase in MBP before and after high-dose

methylprednisolone treatment. The immediate flow increase after

MBP elevation is lower after the treatment, followed by significantly

more prominent compensation compared to the pre-treatment result

(95 % confidence intervals not including the reference line indicate

p \ 0.05, multilevel mixed-effects linear regression). (MBP mean

arterial blood pressure, CBF cerebral blood flow velocity, lag-by-lag

effects: additive changes in blood flow velocity in reference to the

previous second, rolling-summed lag effects: cumulative changes

from the moment of MBP increase up to the given lag-second)
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both CBF and cerebral blood volume. This hyperperfusion

precedes overt changes in blood–brain barrier permeability

[32, 33]. We confirmed that steroid treatment of the acute

attack caused clinical improvements assessed by EDSS and

MSFC, and reduced inflammation results in significant

hemodynamic changes compared to the pre-treatment

results. The phenomenon of the change in CBF velocity

upon MBP elevation becoming more prominent could be

explained, on one hand, by altered neuronal activity and

local metabolic changes secondary to diminished inflam-

mation and improvement in endothelial cell function; on

the other hand, the explanation may lie in corticosteroids

having mineralocorticoid-like effects on vascular reactiv-

ity. This way, the rapid action can mediate vasodilatation

through an endothelium-dependent mechanism, and/or

vasoconstriction via a direct smooth muscle effect. A shift

in this balance from endothelial to vascular smooth muscle

mediated effects may also be important in vascular dys-

regulation [34].

We are aware of the fact that this study is not without

limitations. The small number of subjects and heteroge-

neity of MS in the patient group are fundamental limita-

tions. It is important to emphasize that only CBF velocity

was measured by TCD, which only reflects changes in CBF

if the MCA’s diameter remains constant [35]. As previ-

ously mentioned, standards for measurement and analysis

of dCA are lacking [18, 19].

In conclusion, beside these limitations, we successfully

demonstrated that hemodynamic changes are present in

early MS compared to healthy controls after a hemodynamic

stimulus such as tilt table declination. Significant effects of

high-dose corticosteroid treatment were detected; however,

further studies are needed to clarify the relationship between

hemodynamic changes and clinical symptoms.
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