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Cerebral autoregulation is impaired in
cardioinhibitory carotid sinus syndrome
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Obijectives: To compare changes in cerebral autoregulation in response to controlled, lower body negative
pressure-induced hypotension in patients with carotid sinus syndrome (CSS) and case controls.

Design: Prospective case controlled study.

Setting: Secondary and tertiary referral falls and syncope service.

Patients: 17 consecutive patients with CSS and 11 asymptomatic controls.

Interventions: Hypotension insufficient to cause syncope induced by lower body negative pressure
(minimum 30 mm Hg fall in systolic blood pressure (SBP)) during concomitant transcranial Doppler
ultrasonography.

Main outcome measures: Cerebral autoregulation (systolic, diastolic and mean middle cerebral arterial
blood flow velocities and cerebrovascular resistance) with continuous end-tidal carbon dioxide and
haemodynamic monitoring.

Results: Cerebral autoregulatory indices differed significantly between patients with CSS and controls.
Systolic, diastolic and middle cerebral arterial blood flow velocities were, respectively, 9.2 m/s (95%
confidence interval (Cl) 2.9 to 15.4 m/s), 4.7 m/s (95% Cl 1.5t0 7.9 m/s) and 6.9 m/s (95% Cl 2.5 to
11.4 m/s) slower in patients with CSS. Cerebrovascular resistance was significantly greater in patients
with CSS than in controls at SBP nadir and suction release; differences were 0.9 mm Hg/m/s (95% C1 0.0
to 1.7 mm Hg/m/s) and 0.8 mm Hg/m/s (95% Cl 0.0 to 1.7 mm Hg/m/s), respectively. End-tidal
carbon dioxide and systemic haemodynamic variables were similar for patients and controls at baseline
and during lower body negative pressure.

Conclusions: Cerebral autoregulation is altered in patients with CSS. This difference may have aetiological

common causes of syncope among older people, being

causal in up to one quarter of those older than 70
years." Recent evidence has shown that patients with CSS
may present with syncope or falls,”* with cardiac pacing
successfully reducing the frequency of both falls and syncope
in the syndrome.”’> Amnesia for loss of consciousness is a
well recognised characteristic of the syndrome and has been
reproduced in experimental studies in up to 80% of patients
with witnessed loss of consciousness during carotid sinus
massage-induced asystole.* Falls are most often attributed to
amnesia for loss of consciousness during syncope in the
context of unwitnessed events. One possible explanation for
this amnesia for loss of consciousness is an underlying
derangement of cerebral autoregulation. Although cerebral
autoregulation has been measured with a variety of
techniques, transcranial Doppler ultrasonography (TCD) has
become the most often used approach in recent years because
of its non-invasive nature, relative simplicity and accuracy.”™"’
TCD has been used to examine cerebral autoregulation in
response to hypotension both in healthy subjects” '"'"'* and in
patients with vasovagal syncope,'*" but there are few data on
cerebral autoregulation in patients with CSS."* ' To study this
phenomenon without the catastrophic cerebral autoregula-
tion derangement consequent on profound asystole and
hypotension induced by carotid sinus massage in patients
with CSS, a more graded fall in systemic blood pressure can
be induced by lower body negative pressure (LBNP), a
technique used originally to study the effects of profound
orthostasis on healthy people.' The technique is now used in
the diagnosis of vasovagal syncope”* and avoids the
unnecessary risks associated with carotid sinus massage.”

Carotid sinus syndrome (CSS) is among the most
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implications in the differential presentation with falls and drop attacks rather than syncope.

Indeed, LBNP testing has previously been used to provoke
experimental hypotension to evaluate cerebral haemody-
namic function in healthy subjects’* and those with
vasovagal syncope,” but never in patients with CSS.

We hypothesised that patients with CSS have different
cerebral autoregulatory control from case controls. The
objective of this study was thus to compare changes in
cerebral autoregulation in response to controlled, LBNP-
induced hypotension in patients with CSS and asymptomatic
controls.

METHODS

Participants

Consecutive patients in sinus rhythm with CSS as the sole
attributable cause of symptoms (as determined by investiga-
tion according to internationally recognised guidelines® **)
presenting to our tertiary referral falls and syncope service
were invited to participate in the study. CSS was of the
cardioinhibitory subtype and was diagnosed in patients with
recurrent events who had asystole in excess of 3 s during
carotid sinus massage."” Control subjects were of similar age,
sex and co-morbidity, had no history of falls, dizziness or
syncope and were recruited through a database of control
subjects. Drugs were discontinued a minimum of five half
lives before testing. All participants gave fully informed,

Abbreviations: CSS, carotid sinus syndrome; CVR, cerebrovascular
resistance; DBFV, diastolic blood flow velocity; Etco,, end-tidal carbon
dioxide concentration; LBNP, lower body negative pressure; MAP, mean
arterial blood pressure; MBFV, mean cerebral blood flow velocity; SBFV,
systolic blood flow velocity; SBP, systolic blood pressure; TCD,
transcranial Doppler ultrasonography
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written consent. The study had approval from the Newcastle
and North Tyneside local research ethics committee.

Transcranial Doppler ultrasonography

Cerebral blood flow velocity was assessed with TCD following
the methods of Lipsitz ef al.” After a temporal ultrasonic bone
window was confirmed, the right middle cerebral artery was
insonated with a 2 MHz TCD probe (Scimed, Bristol, UK),
which was fixed in place by a Mueller-Moll probe fixation
device. Spectral signals were observed continuously to ensure
good signal quality. Systolic (SBFV), diastolic (DBVF) and
mean cerebral blood flow velocities (MBFV) were recorded
continuously, with cerebrovascular resistance (CVR) derived
from the formula CVR = MAP/MBFV, where MAP is mean
arterial blood pressure.” Resistance and pulsatility indices
(derived measures relating SBFV, DBFV and MBFV: resis-
tance index = SBFV — DBFV/SBFV; pulsatility
index = SBFV — DBFV/MBFV) were also calculated.
Because the patient was supine during the procedure,
correction for hydrostatic pressure differences between heart
and brain was unnecessary.

Lower body negative pressure

The lower half of the participant (to the level of the iliac
crests) was enclosed in an airtight chamber with a suction
engine attached, which allowed calibrated negative pressure
to be applied up to 90 mm Hg. The predetermined required
systolic blood pressure (SBP) nadir of 30 mm Hg was
achieved by supine, graded LBNP. Beat-to-beat SBP, diastolic
blood pressure (DBP), MAP and heart rate (surface ECG at
25 m/ms) were recorded continuously through digital photo-
plethysmography (Finapres, Ohmeda, Wisconsin, USA).*

Experimental procedure: static and dynamic cerebral
autoregulation
Subjects lay supine in a dimly lit, quiet room at a constant
temperature for 15 min before the procedure. ECG and blood
pressure were monitored throughout, as was end-tidal
carbon dioxide concentration (Etco,; through a close-fitting
face mask and infrared capnography), to monitor potential
confounding from the effects of swings in arterial carbon
dioxide concentrations on cerebral arteriolar diameter.” *
After insonation of the middle cerebral artery and fixation of
the ultrasound probe, all baseline parameters were recorded
at rest (baseline) and at the four time points described in
table 1 and shown graphically in fig 1. The relatively steady-
state blood pressure changes during baseline, noise, nadir
(because of the graded fall in blood pressure over several
minutes) and return to baseline provide a measure of static
cerebral autoregulation as described by Paulson et al’
whereas the rapid change in blood pressure over a few
seconds at overshoot is more indicative of dynamic cerebral
autoregulation.’

Data were recorded continuously with LabWindows soft-
ware. To evaluate the beat-to-beat variations in systemic

Table 1 Definition of lower body negative pressure data
points
Time Definition
Baseline Peck SBP after 15 min supine rest
Noise Peck SBP with suction engine on, 5 min affer baseline
Nadir Lowest SBP during lower body negative pressure

Overshoot  Highest SBP within 10 beats of release of suction
Return o Steady state SBP within 60 s of overshoot
baseline

SBP, systolic blood pressure.
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Figure 1 Cerebrovascular resistance (CVR) during lower body negative

pressure in patients with carotid sinus syndrome and asymptomatic
controls.

blood pressure, heart rate, Etco, and cerebral blood flow
velocities, an observer blinded to patient status examined the
raw wave forms for each patient at each time point. The
values derived at each time frame were averaged from the
five beats around each point and the resulting values were
averaged for each group as a whole.”” An independent
assessor repeated this procedure in a random sample of five
patients and controls to ensure agreement.

Statistical analysis

The comparison between CSS and controls was the primary
objective of the research. Continuous variables (age, blood
pressure) were plotted to check for outliers and wildly
skewed distributions. The distribution of data was normal
with the exception of RR interval responses to carotid sinus
massage. Statistics are reported as mean (SD) for all
comparisons with the exception of RR interval response to
carotid sinus massage, which is reported as median (extreme
range). Because the data are continuous variables, groups
were compared at a single time point by independent sample
t tests and over the five time points—baseline, noise, nadir,
overshoot and return to baseline—by repeated measures
analysis of variance. Data were analysed with the SPSS
V.10.2 software package (SPSS Inc, Chicago, Illinois, USA).

Table 2 Clinical characteristics of patients with CSS and
asymptomatic controls

CSS (n=17) Controls (n=11)

Age (years) 76 (9.4) 73(7.9)
Sex

Women 13 (76%) 8 (73%)

Men 4 (24%) 3 (27%)
Co-morbidity

IHD 3 (18%) 1 (10%)

Hypertension 4 (24%) 2 (18%)

COPD 3 (18%) 1(10%)

Age data are mean (SD).
COPD, chronic obstructive pulmonary disease; CSS, carotid sinus
syndrome; IHD, ischaemic heart disease.
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RESULTS

Clinical characteristics

Eighteen patients with CSS completed the study but data
were uninterpretable for one because of interference from an
essential tremor. Of 12 controls, a suitable temporal bone
ultrasound window was not obtainable for one. Age, sex or
co-morbidity did not differ between patients and controls
(table 2). Patients with CSS had a mean 5.6 (SD 1.8) s
asystole on carotid sinus massage.

Systemic haemodynamic, Etco, and cerebral
autoregulatory responses to LBNP

LBNP at SBP nadir was similar in both control subjects and
patients (35.2 (SD 7.8) v 35.7 (SD 10.1) mm Hg, p = 0.89).
No participant experienced presyncope or syncope. Figure 2
shows the distribution of responses for patients and controls
for nine haemodynamic and cerebral autoregulatory indices.
SBP, DBP, heart rate and Etco, were similar for patients and
controls at each time point: baseline, SBP nadir, SBP
overshoot and return to baseline. MAP and heart rate
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followed a similar pattern, with Etco, remaining relatively
constant (fig 2, table 3).

Table 4 shows the results of repeated measures analysis of
variance. For each index there is an overall test of differences
between time points (baseline, noise, SBP nadir, overshoot
and return to baseline), an overall test of differences between
groups (patients with CSS and controls) and a test of an
interaction effect (the differences between time points were
different for patients with CSS and controls).

For the blood pressure variables, the differences between
time points were highly significant but differences between
patients with CSS and controls were not. For DBP, although
overall the groups did not differ, there was some evidence of
an interaction between group and time point; however, post
hoc t tests indicated that the difference in means was not
significant at any time point.

For the blood flow velocity variables, differences between
time points were not as notable (and were significant only for
SBFV) but patients with CSS and controls differed signifi-
cantly: the blood flow velocity was considerably less for
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Figure 2 Distribution of haemodynamic and cerebral autoregulatory indices. The line in the centre of each box is the median. Each box extends from
the 25th centile (lower edge) to the 75th centile (upper edge) and thus indicates the interquartile range.
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Table 3 Mean haemodynamic and cerebral autoregulatory indices and end-tidal carbon dioxide in patients with CSS and
asymptomatic controls
Baseline Noise Nadir Overshoot Return to baseline

Variable CsS Control CSS Control CsS Control CSS Control CSsS Control

SBP (mm Hg) 160.2 (40.6) 154.5 (27.0) 173.1 (38.2) 164.6 (26.4) 138.4 (38.2) 125.9 (25.0) 187.6 (48.3) 166.8 (23.4) 165.2 (41.5) 147.4 (22.6)
p Value 0.69 0.53 0.35 0.20 0.20

DBP (mm Hg) 69.2 (19.4) 72.4(19.3) 74.5(21.6) 73.1(16.3) 71.8(21.8) 62.9(16.7) 84.6(28.8) 72.9(17.5) 76.6(24.3) 66.8 (17.4)
p Value 0.67 0.86 0.26 0.19 0.256

MAP (mm Hg) 114.7 (28.6) 113.5(21.0) 123.8 (28.3) 118.9 (19.7) 105.1 (29.0) 94.5(18.5) 136.1 (34.3) 119.9 (18.3) 120.9 (31.2) 107.1 (18.6)
p Value 0.90 0.62 0.29 0.16 0.199

SBFV (mm Hg)45.6 (7.5) 53.0(8.2) 42.9(10.0) 53.9(8.8) 42.2(9.6) 51.7(10.3) 44.6(9.0) 55.3(10.4) 44.6(9.4) 53.4(8.6)

p Value 0.02* 0.006* 0.02* 0.022* 0.018*

DBFV (cm/s) 17.5(50) 21.4(2.8) 17.2(47) 223 (46) 169(58) 222(47) 16.6(49) 205(63) 166 (48) 21.9(6.8)

p Value 0.026* 0.008* 0.018* 0.08* 0.021*

MBFV (cm/s) 31.6(56) 37.2(53) 30.1(7.0) 38.1(63) 29.6(7.4) 369(7.00 31.4(64) 37.9(79) 306(6.6) 37.7(69)

p Value 0.012* 0.005* 0.014* 0.025* 0.011*

CVR (mm Hg/ 2.2 (0.9) 2.0 (0.5) 2.7 (1.1) 2.0 (0.¢) 2.7 (1.1) 1.8 (0.7) 2.7 (1.0) 2.1(0.8) 2.7 (2.7) 1.9 (0.7)
m/s)

p Value 0.26 0.069 0.027* 0.044* 0.045*

Etco, (kPa) 5.0 (0.5) 5.0 (0.6) 4.9 (0.4) 5.1(0.7) 4.9 (0.4) 5.1(0.7) 5.0 (0.5) 5.1 (0.5) 5.1 (0.5) 5.1 (0.6)

p Value 0.67 0.35 0.27 0.94 0.995

PI 0.90 (0.17) 0.80(0.08) 0.86(0.13) 0.83(0.11) 0.87(0.15) 0.800.13) 0.64(0.15) 0.94(0.19) 0.63(0.15) 0.85(0.19)
p Value 0.31 0.56 0.17 0.84 0.27

RI 0.62 (0.09) 0.59 (0.04) 0.60(0.06) 0.59(0.05) 0.60(0.07) 0.57(0.07) 0.64(0.07) 0.63(0.18) 0.63(0.07) 0.69 (0.10)
p Value 0.41 0.59 0.18 0.80 0.25

HR (beat/min) 77.1 (11.1) 73.2(13.7) 77.6(11.8) 73.9(15.3) 82.2(150) 76.6(15.2) 84.5(17.3) 78.3(14.8) 79.7(12.8) 76.9(13.8)
p Value 0.41 0.49 0.34 0.34 0.597

Data are mean (SD).

*Significant difference.

CSS, carotid sinus syndrome patients; CVR, cerebrovascular resistance; DBFV, diastolic blood flow velocity; DBP, diastolic blood pressure; Etco,, end-tidal carbon
dioxide concentration; HR, heart rate; MAP, mean arterial blood pressure; MBFV, mean cerebral blood flow velocity; Pl, pulsatility index; Rl, resistance index;
SBFV, systolic blood flow velocity; SBP, systolic blood pressure.

patients with CSS (tables 3 and 4). The differences between
groups were 9.2 m/s (95% confidence interval (CI) 2.9 to
15.4 m/s), 4.7 m/s (95% CI 1.5 to 7.9 m/s) and 6.9 m/s (95%
CI 2.5 to 11.4 m/s) in SBFV, DBFV and MBFV, respectively.
For CVR there were significant differences between time
points, significant differences between patients with CSS and
controls, and a significant interaction term (tables 3 and 4,
fig 1). The difference between patients with CSS and controls
was small at baseline (0.3, 95% CI —0.3 to 1.0) and larger at
noise (0.7, 95% CI —0.1 to 1.5), SBP nadir (0.9, 95% CI 0.0 to
1.7), overshoot (0.8, 95% CI 0.0 to 1.6) and return to baseline
(0.8, 95% CI 0.0 to 1.7). Pulsatility and resistance indices
were similar in both groups at all five time points (table 3).

DISCUSSION

The significant differences in MBFV throughout the study
and those in CVR on the SBP nadir, overshoot and return to
baseline time points provide compelling evidence for dis-
ordered cerebral autoregulatory mechanisms in CSS. In the

related neurally mediated disorder vasovagal syncope, ana-
lyses of several case series have shown a rise in CVR during
head-up tilt-induced presyncope and syncope,'” ** *” but later
work related this apparently paradoxical cerebral vasocon-
striction to hyperventilation-induced hypocapnia.*® Our find-
ings echo those of Grubb ef al,*” Levine ef al'> and Bondar ef
al,"* showing significantly higher CVR in patients with CSS at
SBP nadir, overshoot and return to baseline despite a highly
significant average MBFV 23% lower in patients than in
controls. In the presence of normocapnia (as in our study
population) the converse is expected. In previous studies,
cerebral blood flow velocity and carbon dioxide concentration
fell during LBNP sufficiently to induce presyncope and
syncope (with a potentially causal relationship between the
two), but we observed neither of these changes in our study,
presumably reflecting the relative modesty of the LBNP
stimulus essential to our study design.

It has been argued that augmented sympathetic nervous
activity during LBNP causes cerebral vasoconstriction, which

Table 4 Results of repeated measures analysis of variance

Time points* Groupst Time points by group
Variable F df p Value F f p Valve F f p Valve
SBP 332 4 <0.001 1.02 1 0.32 113 4 0.35
DBP 689 4 <0.001 0.58 1 0.45 392 4 0.01
MAP 262 4 <0.001 094 1 0.34 229 4 0.07
SBFV 334 4 0.01 772 1 0.01 070 4 0.59
DBFV 060 4 0.66 792 1 0.01 040 4 0.81
MBFV 077 4 0.55 878 1 0.01 055 4 0.70
CWR 290 4 0.03 427 1 0.05 231 4 0.06
Etco, 043 4 0.79 015 1 0.70 125 4 0.29
HR 630 4 <0.001 074 1 0.40 050 4 0.74

with carotid sinus syndrome controls.

blood flow velocity; SBFV, systolic blood flow velocity.

*Time points are baseline, noise, systolic blood pressure (SBP) nadir, overshoot and return to baseline; tPatients

CVR, cerebrovascular resistance; DBFV, diastolic blood flow velocity; DBP, diastolic blood pressure; Etco,, end-
tidal carbon dioxide concentration; HR, heart rate; MAP, mean arterial blood pressure; MBFV, mean cerebral
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overwhelms the usual mechanisms promoting vasodilatation
in the face of a fall in MBFV."” "* >’ Indirect support for this
contention came from a recent study of healthy young
subjects examined by TCD during LBNP and ganglion
blockade, in which Zhang et a/*’ elegantly showed that the
cerebral circulation is likely to be under tonically active
autonomic neural control. Although cerebral autoregulation
was maintained in both patients with CSS and controls in
response to LBNP, the wide differences between the groups in
the variables described above suggests a baseline difference
in autoregulation in those with CSS. Data are emerging
showing a high prevalence of cognitive impairment and
dementia in patients with CSS.*® This is attributed to small
vessel disease reflected in a higher prevalence of white matter
lesions in patients with CSS, with the density of white matter
lesions on magnetic resonance imaging correlating with the
degree of carotid sinus massage-induced hypotension.’’ We
hypothesise that the abnormalities in cerebral autoregulation
at baseline are due to such microvascular disease, manifest-
ing as abnormal cerebral autoregulation. Our results raise the
intriguing possibility that patients with CSS are prone to
relative (and paradoxical) tonic intracerebral vasoconstric-
tion, which predisposes them to further inappropriate
vasoconstriction during CSS-mediated vasodepression and
asystole, when vasodilatation should otherwise supervene.
We speculate that such paradoxical vasoconstriction prefer-
entially affects areas intimately related to short term memory
and consciousness level, with the clinical corollary being CSS
presenting as falls.

Although TCD during carotid sinus massage would
arguably provide a more realistic assessment, we deliberately
avoided this approach because of the possibility of neurolo-
gical complications during repeated carotid sinus massage®'
and the confounding influence of unilateral cerebral artery
occlusion on CVR in the contralateral side. Others have done
so, however, and in two small, uncontrolled series
Leftheriotis ef al'®'” examined cerebral blood flow velocity
in patients with CSS during carotid sinus massage after
10 min in the head-up tilt position. Cerebral autoregulation
failed only during a fall in systemic blood pressure below the
lower limit for normal cerebral autoregulatory function—that
is, 50 mm Hg’*—with cerebral perfusion falling by 50% and
CVR rising (non-significantly) during carotid sinus massage,
then falling rapidly immediately afterwards.'® '” These results
are consistent with those presented above and with the
vasovagal data of Carey et al."’

As with all TCD assessments of cerebral autoregulation, the
technique is dependant on several assumptions. Firstly,
middle cerebral artery cross-sectional diameter is assumed
to be constant. Secondly, as the Doppler principle depends on
velocity, derivative measurement of blood flow relies on a
linear relationship between flow and velocity. These factors
have proved controversial, with some early criticism of the
technique on the basis of the assumptions made.” * ** Later
research comparing direct measures of internal carotid artery
flow (during carotid surgical procedures) with middle
cerebral artery velocity measured by TCD found that TCD
flow measurements accurately mirrored changes in internal
carotid arterial flow.” Others similarly showed that changes
in middle cerebral artery velocity correlated with cerebral
blood flow,* > ** although with the caution that absolute
velocity should not be used as an indicator of cerebral blood
flow.? Nonetheless, as middle cerebral arterial diameter was
not measured as part of the study, this cannot be absolutely
excluded. Furthermore, although the derivation of CVR from
indirect measures of systemic blood pressure can be criticised,
Zhang et al”” recently found a close correlation between digital
photoplethysmographically measured blood pressure and
intra-arterial pressure during LBNP-related orthostatic stress.
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Summary

Cerebral autoregulation is abnormal in patients with CSS and
may explain some of the clinical features of the disorder.
Additional studies, with power calculations based on this
work and by using TCD during more profound hypotension
(induced by tilt, LBNP or carotid sinus massage-induced
asystole), may help explore this issue further.
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Brugada syndrome unmasked by a shift of right precordial leads

department for syncope. He had no previous episodes.

The initial assessment revealed a blood pressure of 120/
80 mm Hg and a heart beat of 70 beats/min. The examina-
tion revealed no abnormality. The laboratory tests showed a
moderate increase in serum lactate (23 mg/dl, 2.55 mmol/l).
The first ECG undertaken by a student revealed a rate of
70 beats /min and a coved ST segment elevation of 1.5 mm in
V1 and V2 leads followed by a negative T wave. The second
ECG performed by a nurse revealed a rate of 70 beats /min
and a normal repolarisation.

We then performed an ECG with the right precordial leads
placed in the fourth intercostal space (panels A and B), and
in the third and second intercostal spaces (panels C and D).
These modifications unmasked ECG abnormalities suggestive
of a Brugada syndrome: the type 2 pattern (panel C) with a
saddleback-type ST segment elevation in V1 and V2 leads and
a positive or biphasic T wave; and the type 1 pattern (panel

ﬁ 40 year old man was admitted to the emergency

ECG with the right precordial leads placed in the fourth intercostal space
(A, B).

D) with a coved ST-T segment elevation = 2 mm (0.2 mV) in
V1 and V2 leads followed by a negative T wave.

Placement of the right precordial leads in a superior
position (up to the second intercostal space above normal)
can increase the sensitivity of the ECG for detecting the
Brugada phenotype, both in the presence or absence of a drug
challenge.

A programmed electrical stimulation was performed on our
patient and a sustained ventricular arrhythmia was induced.
Following recommendations, the patient received an implan-
table cardioverter-defibrillator.
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ECG with the right precordial leads placed in the third (C) and in the
second (B) intercostal space.
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