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Introduction: Common consequences following aneurysmal subarachnoid hemorrhage

(aSAH) are cerebral vasospasm (CV), impaired cerebral autoregulation (CA), and

disturbance in the autonomic nervous system, as indicated by lower baroreflex sensitivity

(BRS). The compensatory interaction between BRS and CA has been shown in healthy

volunteers and stable pathological conditions such as carotid atherosclerosis. The aim

of this study was to investigate whether the inverse correlation between BRS and CA

would be lost in patients after aSAH during vasospasm. A secondary objective was to

analyze the time-trend of BRS after aSAH.

Materials and Methods: Retrospective analysis of prospectively collected data was

performed at the Neuro-Critical Care Unit of Addenbrooke’s Hospital (Cambridge, UK)

between June 2010 and January 2012. The cerebral blood flow velocity (CBFV) was

measured in the middle cerebral artery using transcranial Doppler ultrasonography (TCD).

The arterial blood pressure (ABP) was monitored invasively through an arterial line. CA

was quantified by the correlation coefficient (Mxa) between slow oscillations in ABP

and CBFV. BRS was calculated using the sequential cross-correlation method using the

ABP signal.

Results: A total of 73 patients with aSAH were included. The age [median (lower-upper

quartile)] was 58 (50–67). WFNS scale was 2 (1–4) and the modified Fisher scale was 3

(1–3). In the total group, 31 patients (42%) had a CV and 42 (58%) had no CV. ABP and

CBFV were higher in patients with CV during vasospasm compared to patients without

CV (p = 0.001 and p < 0.001). There was no significant correlation between Mxa and

BRS in patients with CV, neither during nor before vasospasm. In patients without CV, a
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significant, although moderate correlation was found between BRS and Mxa (rS = 0.31;

p = 0.040), with higher BRS being associated with worse CA. Multiple linear regression

analysis showed a significant worsening of BRS after aSAH in patients with CV (Rp =

−0.42; p < 0.001).

Conclusions: Inverse compensatory correlation between BRS and CA was lost in

patients who developed CV after aSAH, both before and during vasospasm. The impact

of these findings on the prognosis of aSAH should be investigated in larger studies.

Keywords: autonomic nervous system, subarachnoid hemorrhage, cerebral vasospasm, baroreflex, cerebral

autoregulation, cerebrovascular regulation

INTRODUCTION

Subarachnoid hemorrhage caused by the rupture of an aneurysm
(aSAH), can lead to the neurological disability or death.
The aSAH can cause molecular alterations (oxidative stress,
inflammatory reaction) and loss of vascular integrity, leading to
brain edema or delayed cerebral ischemia (1).

One of the most common complications following aSAH
is cerebral vasospasm (CV), which occurs on average 4–7
days after ictus. Despite intensive research effort, CV following
aSAH remains incompletely understood from a pathogenic
perspective and does not solely explain the occurrence of delayed
ischemic deficit (2). Several factors are potentially pathogenic:
decreased nitric oxide (NO) availability, calcium-dependent
vasoconstriction, free radicals, inflammation, dysfunctional
endothelial neuronal apoptosis, or neurogenic factors (3).
Impaired cerebral autoregulation (CA) might play an important
role in the occurrence of delayed ischemic deficit in patients who
developed CV after aSAH (4). Impairment of the cardiovascular
autonomic nervous system in the acute phase of aSAH, as
reflected by the low-baroreflex sensitivity (BRS), also appears
to impact prognosis as it has been associated with adverse
outcomes 3 months post aSAH (5). Furthermore, it has
been shown that BRS was lower in non-survivors than in
survivors. Moreover, patients with disturbed BRS had more
extensive hemorrhage (6). Finally, both the impaired BRS and
impaired CA have been associated with unfavorable prognoses.
These two homeostatic mechanisms are inversely correlated
in both the healthy volunteers and patients suffering from
stable chronic diseases, such as carotid stenosis or occlusion
(7). However, the way they interact in acute neurological
diseases such as aSAH is not known. Short-term time trends
of BRS in acute pathological events and more specifically in
aSAH are not well-documented, in contrast to changes in BRS
during medium- and long-term physiological conditions (8–
10).

In this study, our primary objective was to assess
CA and BRS in relation to the occurrence of CV. We
hypothesized that the inverse correlation between BRS and
CA previously found in physiology and in stable pathological
disease could be lost in patients with aSAH and more
specifically in patients with CV. A secondary objective of
this study was to investigate the changes of BRS in the days
following aSAH.

MATERIALS AND METHODS

Study Design and Patient Management
The study was a retrospective analysis of data prospectively
collected at the neuro- critical care unit of Addenbrooke’s
Hospital (Cambridge, UK) between June 2010 and January
2012. A total of 97 patients suffering from aSAH were screened
for compatibility with the study inclusion criteria: ≥18 years
of age; admission to the hospital <5 days after aSAH with
an intracerebral aneurysm likely to be the source of bleeding
[as determined by computed tomography angiography or
digital subtraction angiography (DSA)]; continuous multimodal
monitoring. Patients were not enrolled in the study if they had
autoregulation monitoring only during CV or if the quality of
the signals was poor. The study was approved by the Research
Ethics Committee of Addenbrooke’s Hospital (Protocol 29 LREC:
97/291). All patients or their next-of-kin were required to sign
written consent before inclusion. Seventy-three patients were
enrolled for the study (flow chart depicted in Figure 1).

All patients were treated according to the guidelines
applicable at the time of admission (11). Decisions concerning
surgical clipping or endovascular embolization were made by
the neurosurgical and interventional neuroradiology team.
Conservative treatment was applied in a few patients with very
severe and poor-grade aSAH. On admission, patients were
assessed using the Glasgow Coma Scale (GCS). Neurologic
state on admission was evaluated with the World Federation
of Neurosurgical Societies (WFNS) grading system. The extent
of hemorrhage was assessed using a modified Fisher (mFisher)
scale and patients who had clinical or radiological signs of
hydrocephalus were treated with external ventricular drainage
(EVD), lumbar drainage, or serial lumbar punctures until
the permanent diversion of cerebrospinal fluid was required.
The treatment protocol included euvolemia, nimodipine,
and cardiopulmonary support. Although “Triple-H” therapy
was recommended at the time of admission, only induced
hypertension was used. Delayed cerebral ischemia (DCI) was
defined as focal neurological impairment (a two-point decrease
in GCS) lasting for at least 1 h or cerebral infarction, which was
not apparent immediately after aneurysm occlusion and was
attributable to ischemia and not to other causes (12). Patients
with diagnosed DCI underwent hemodynamic therapy with
intravenous crystalloids administration to achieve central venous
pressure between 8 and 12mm Hg, as well as blood pressure
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FIGURE 1 | Flow diagram of the study. ABP, arterial blood pressure; CBFV,

cerebral blood flow velocity; CV, cerebral vasospasm; aSAH, aneurysmal

subarachnoid hemorrhage.

support using individually titrated doses of vasopressors. The
outcome was evaluated at discharge from the hospital and then
after 3 months using the Modified Rankin Scale for Neurologic
Disability (mRS). Scores of 0 to 2 on mRS were classified as good
and scores of 3–6 on mRS were classified as poor outcomes.

Signal Monitoring
Arterial blood pressure (ABP) was measured invasively in
the radial artery using a pressure transducer and a pressure
monitoring kit (Baxter Healthcare, Deerfield, IL, USA). Bilateral
cerebral blood flow velocity (CBFV) in the middle cerebral
artery (MCA) was monitored with transcranial Doppler
ultrasonography (TCD) (DopplerBox; DWL Compumedics,
Singen, Germany) using a head positioning device (Lam
Rack, DWL Compumedics) through the temporal acoustic
window. Data were acquired at a frequency of 200Hz using an
Intensive Care Monitor System (ICM+; Cambridge Enterprise
Ltd, Cambridge, UK), and digitized using an analog-to-
digital converter. All artifacts were identified manually or by
custom-written algorithms. ABP and CBFV were measured in
all patients.

Multimodal signal monitoring was started during the first
days after admission. All patients had TCD performed every 1–2
days by a single investigator (BK). CBFVwasmonitored for about
one hour; the minimum time was a half-hour and the maximum
of one and a half hour. The median ± interquartile range (IQR)
of the time of the start of the TCD recordings was 3± 3 days. The
median± IQR of the recordings per patient was 4± 3 (min-max:
1–11). There was one recording per day. The medians and IQRs
of the observation time were: 11 days ± 5 days (min-max: 6–26
days) in the CV group and 7 days± 5 days (min-max: 1–15 days)
in the non-CV group, respectively. Illustrative time trends of the
monitored signals are presented in Figure 2.

Cerebral Vasospasm
Cerebral vasospasmwas defined using TCD asmean CBFV in the
MCA above 120 cm/s with a concomitant Lindegaard ratio (LR)
above 3.0, where LR = CBFVMCA/CBFVICA. When DSA was
performed CV was defined as 25% narrowing of cerebral arteries

on DSA irrespective of TCD findings. Routine postoperative
CT and DSA were not performed. The side on which CV was
diagnosed at the time of monitoring was labeled as the ipsilateral
side. In patients in whom bilateral vasospasm was diagnosed, an
average of parameters on both sides was used and labeled as the
ipsilateral side. In patients in whomno vasospasmwas diagnosed,
the aneurysm side was used as the ipsilateral side. In patients with
midline aneurysms but without diagnosed vasospasm, an average
of parameters on both sides was used as the ipsilateral side. CBFV
and CA were assessed on the ipsilateral side.

Cerebral Autoregulation
CA was assessed from slow-wave oscillations of ABP and CBFV.
The mean velocity index (Mxa) was calculated as the Pearson
linear correlation coefficient between these signals (averaged over
10-s intervals) in a 5-min moving average window updated every
10 s. Values of Mxa >0.3 reflect impaired CA (13).

Baroreflex Sensitivity
The BRS was calculated using the sequential cross-correlation
method (also called x-BRS), published by Westerhof (14), which
was embedded in ICM+. ABP systolic peaks were used to obtain
RR interval time series. BRS was estimated as the slope of the
regression line between the segments of systolic ABP (the input
signal) and the RR interval (the output signal). BRS calculations
were performed using a moving 10-s window along with mean
values of the other vital signs variables included in the analysis.
The BRS algorithm required the systolic ABP and RR time series
to be incrementally shifted with respect to each other in search
of the highest value of cross-correlation. Thus, the total window
length used in each BRS calculation was extended to 17 s (7). BRS
was returned when the p-value of the correlation coefficient was
<0.01 and no ectopic beats were detected (15).

Statistics
The normality distribution of the data was assessed using
the Kruskal–Wallis test with the Lilliefors correction. Non–
parametric tests were applied because the normality condition
was not met for most of the analyzed parameters. The differences
in median values were tested using the Mann–Whitney U-test.
For non-numeric data, the Pearson CHI2 test (Fisher exact
test/The Fisher-Freeman-Halton test) was used. McNemar’s test
was used to assess the increase in subjects with impaired CA
during CV in comparison with the period before CV. Differences
in median values before and during CV were compared using
the Wilcoxon signed-rank test. Median values of CA and
BRS were calculated using the entire time period in patients
without CV, and using separately the time periods before and
during vasospasm in patients with CV. Correlation analysis was
performed using Spearman’s rank test. The relationships between
elapsed time (days) and physiological parameters were calculated
using multiple linear regression analyses, with subjects treated as
categorical factors using dummy variables (with respect to the
inter– subject variability) and a partial coefficient (Rp) between
analyzed variables as recommended by Bland and Altman (16,
17). Results are presented as medians ± interquartile ranges
or median (25–75th percentile) if not otherwise specified. The
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FIGURE 2 | An example of the monitoring of (A) 45-year old man without cerebral vasospasm (CV) 12 days after aneurysmal subarachnoid hemorrhage (aSAH) from

a ruptured aneurysm in the posterior cerebral artery (PCA). The high values of Mxa [worse cerebral autoregulation (CA), red panel] are counterbalanced with efficient,

high-cardiac baroreflex sensitivity (BRS); (B) 67-year old woman during CV 8 days after aSAH from a ruptured aneurysm in the anterior communicating artery (ACom).

The high values of Mxa (worse CA, red panel) occur in parallel with disrupted, low BRS; ABP, arterial blood pressure; CBFV, cerebral blood flow velocity; BRS,

baroreflex sensitivity; Mxa, mean velocity index; the Mxa above 0.3 is interpreted as pathological.

level of significance was set at 0.05. Statistical analysis was
performed using STATISTICA version 13 (Tibco, Palo Alto,
CA, USA).

RESULTS

Baseline Characteristics
The group consisted of 24 (33%) men and 49 (67%) women,
with a median age of 58 (50–67) years. Clinical data for the
total group are presented in Table 1. Twenty-six patients (36%)

underwent coiling and 51 (70%) underwent surgical clipping.
In 5 patients (7%) conservative treatment was applied due to
their severe condition. In this group, 3 patients died (60%), and
these deaths were 50% of all deaths in this aSAH group. The 2
remaining patients were discharged from the hospital with good
outcomes according to the evaluation of the mRS scale. Median
WFNS scale was 2 (1–4) and median mFisher scale was 3 (1–
3). CV was observed in 31 patients (42%) and occurred on day
8 ± 3. Mechanical ventilation was applied in 24 (33%) patients:
12 (39%) in the CV group and 12 (28%) in the non-CV group.
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TABLE 1 | Patient characteristics.

All patients n = 73 CV n = 31 Non–CV n = 42 p

Female, n (%) 49 (67%) 21 (64%) 28 (67%) 0.922b

Age (years), median (IQR) 58 (50–67) 55 (48–63) 62 (53–71) 0.009a

GCS, median (IQR) 14 (11-15) 12 (11-15) 14 (13-15) 0.372a

mFisher, median (IQR) 3 (1-3) 3 (3) 3 (1-3) 0.415a

1, n (%) 19 (26%) 4 (13%) 15 (36%) 0.030b

2, n (%) 4 (6%) 2 (6%) 2 (4%)

3, n (%) 36 (49%) 21 (68%) 15 (36%)

4, n (%) 14 (19%) 4 (13%) 10 (24%)

WFNS, median (IQR) 2 (1-4) 2 (1-4) 2 (1-3) 0.499a

1, n (%) 26 (36%) 10 (32%) 16 (38%) 0.772b

2, n (%) 26 (32%) 10 (32%) 14 (33%)

3, n (%) 4 (6%) 1 (3%) 3 (7%)

4, n (%) 16 (22%) 9 (30%) 7 (17%)

5, n (%) 3 (4%) 1 (3%) 2 (4%)

Treatments#

Endovascular coiling, n (%) 26 (36%) 8 (26%) 18 (43%) 0.133b

Surgical clipping, n (%) 51 (70%) 25 (81%) 26 (62%) 0.085b

Conservative treatment, n (%) 5 (7%) 0 (0%) 5 (12%) 0.068b

Mechanical ventilation, n (%) 24 (33%) 12 (39%) 12 (28%) 0.327b

Vasopressor agents, n (%) 26 (36%) 18 (58%) 8 (19%) 0.006b

Complications

Hydrocephalus, n (%) 37 (51%) 18 (58%) 19 (45%) 0.279b

EVD, n (%) 24 (33%) 13 (42%) 11 (26%) 0.157b

DCI, n (%) 22 (30%) 19 (61%) 3 (7%) <0.001b

Rebleeding, n (%) 6 (8%) 1 (3%) 5 (12%) 0.227b

Outcome

Deaths, n (%) 6 (8%) 2 (6%) 4 (10%) 0.491b

mRS at discharge, median (IQR) 2 (1-3) 2 (1-3) 2 (1-4) 0.648a

0–2, n (%) 46 (63%) 17 (55%) 29 (69%) 0.214b

3–6, n (%) 27 (37%) 14 (45%) 13 (31%)

3 months mRS, median (IQR) 1 (0–2) 1 (0–2) 1 (0–2) 0.799a

0–2, n (%) 60 (82%) 35 (83%) 25 (81%) 0.767b

3–6, n (%) 13 (18%) 7 (17%) 6 (19%)

p-values marked with bold indicate statistically significant differences between the groups. CV, cerebral vasospasm; EVD, external ventricular drain; DCI, delayed cerebral ischemia;

mRS, modified rankin scale; a–U mann-whitney test, b–Chi-squared test, #-More than one procedure per patient allowed.

Vasopressor agents were used in 26 (36%) patients: 18 (58%) in
the CV group and 8 (19%) in the non-CV group.

Clinical Data in the CV and Non-CV Groups
A comparison of clinical data for the CV group and the non-
CV group is presented in Table 1. There were no significant
differences between the CV and the non-CV group for the
following parameters: sex, WFNS, and GCS scales. There
were no significant differences between the CV and the non-
CV group concerning treatment: the proportion of patients
with mechanical ventilation, coiling, or clipping did not differ
significantly between the two groups. DCI occurred more
frequently in patients with CV than without CV: 61% vs. 7%,
p < 0.001. Patients with CV had more extended hemorrhage
(mFisher 4–5): 81% in the CV group vs. 61% in the non-CV
group, p = 0.030. Patients with CV were significantly younger
compared to patients without CV: 55 (43–63) vs. 62 (53–71), p

= 0.009. There were no significant differences in the outcome at
discharge or after 3 months, nor in the death rate between the CV
and the non-CV group.

Physiological Metrics in the CV and
Non-CV Groups
The results of the comparison of ABP, HR, and CBFV between
the CV and non-CV groups are presented in Table 2. There was
no significant difference in the physiological metrics between
patients with CV in the period before vasospasm and averaged
values of these parameters in patients without CV, except for
a higher value of CBFV (p = 0.005, Table 2). In the CV
group during vasospasm patients had significantly higher ABP
(p = 0.001) and CBFV (p < 0.001) than averaged values of
these parameters in patients without CV (Table 2). In the CV
group during vasospasm, we observed a substantial increase
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in the following parameters compared with the period before
vasospasm: ABP (p = 0.025), HR (p = 0.001), and CBFV (p <

0.001, Table 2).

Baroreflex Sensitivity and Cerebral
Autoregulation in the CV and Non-CV
Groups
There was no significant difference in BRS between patients
without CV and patients with CV, neither in the period before
vasospasm nor during vasospasm (Table 2). In the patients with
CV, BRS decreased substantially during vasospasm compared
with the period before vasospasm: 9.53 (5.95–12.20) (ms/mmHg)
vs. 13.73 (8.41–20.50) (ms/mm Hg), p < 0.001.

The CA was impaired in 74% of patients without CV. In
the CV group CA was significantly worse during vasospasm
than before vasospasm [Mxa: 0.43 (0.36–0.52) vs. 0.37 (0.28–
0.42), p = 0.002]. Moreover, in the CV group the proportion of
patients with impaired CA increased from 68% before vasospasm
to almost 90% during vasospasm. According to McNemar’s test,
CV was significantly associated with worse CA (p= 0.001).

Relationship Between Cerebral
Autoregulation and Baroreflex Sensitivity in
the CV and Non-CV Groups
There was a significant and moderate correlation between Mxa
and BRS in patients without CV: rs = 0.31, p = 0.040 (higher—
better BRS associated with higher—worse CA), Figure 3A. There
was no significant correlation between Mxa and BRS in the CV
group, neither before vasospasm (rs = 0.24, p= 0.187, Figure 3B)
nor during vasospasm (rs =−0.04, p= 0.799, Figure 3C). There
was no relationship between impairment of CA, BRS, and DCI.

The Potential Impact of Treatment With
Vasopressors
There were 26 (36%) patients who received vasopressors: 8 (19%)
without CV, and 18 (58%) with CV. There was no significant
difference for BRS between patients with vasopressors (n = 26)
and patients without vasopressors (n = 47): Z = −0.81; p =

0.420. Moreover, in the CV group, BRS was significantly lower
during CV compared with the period before CV both in patients
with vasopressors (Z = 2.85; p = 0.004) as in patients without
vasopressors (Z =2.97; p = 0.003). Loss of inverse correlation
between BRS and Mxa before and during CV was found in
the CV group, regardless of treatment with vasopressors. In the
non-CV group, the inverse correlation between Mxa and BRS
was not found when patients treated with vasopressors were
excluded. However, the analysis of the impact of vasopressors
on the relationship between BRS and CA could be biased by the
limited number of observations in this subgroup.

Time Trends of Physiological Metrics,
Baroreflex Sensitivity and Cerebral
Autoregulation in the CV and Non-CV
Groups
In patients with CV, multiple linear regression analysis showed
a significant increase in ABP, HR, and CBFV in the days that

followed aSAH—ABP: Rp = 0.31, p < 0.001; HR: Rp = 0.46, p
< 0.001; CBFV: Rp = 0.29, p < 0.001. Furthermore, a moderate
decrease in BRS was found in the days that followed aSAH in
patients with CV: Rp = −0.42; p < 0.001 (Figure 4), but not in
patients without CV.

DISCUSSION

Inverse correlation between BRS and CA was found to be lost
in aSAH in patients with vasospasm both during vasospasm
and during the period that preceded vasospasm. BRS decreased
substantially in these patients during vasospasm as compared to
the period before vasospasm. In patients without CV, a significant
moderate correlation was found between BRS and CA, with
worse BRS being associated with better CA, a finding previously
termed as “inverse correlation” (7). Multiple linear regression
analysis showed a significant relationship between the decrease
in BRS, and the days elapsed from aSAH in the CV group.

Cerebral autoregulation regulates cerebral blood flow (CBF) in
the distal arteries and stabilizes CBF in the face of changes in ABP
mainly through myogenic and neurogenic mechanisms (18). CA
is frequently impaired after aSAH (19, 20), even without any
evidence of changes in flow velocity in the major arteries (21). It
was found in this study that CA was getting worse during the CV.
This observation is consistent with previous studies in patients
with SAH, where Mxa was higher in patients with vasospasm
compared to baseline (22, 23). It was shown that autoregulation
is impaired in most patients with vasospasm of large cerebral
arteries due to low-perfusion pressure distal to large arteries, and
responsive maximal dilation of downstream vessels (23, 24).

Inverse correlation between CA and BRS was preserved in
patients without CV. From a dynamic systems theory, the
interaction between BRS and CA provides stable perfusion of the
brain. The failure of both systems has previously been reported
before syncope (25). The compensatory interaction between
blood pressure regulation and cerebral perfusion pressure
mechanisms was found in a previous study in the healthy young
humans (7, 26). These studies have shown that impaired CA
was counterbalanced with better BRS and vice-versa. The same
observation has been found in patients with atherosclerotic
stenosis or occlusion (7) and also in a cohort of patients with
aSAH (6). Regulation of CBF is maintained through both arterial
baroreflex control of blood pressure and CA operating through
changes of cerebrovascular resistance. However, the relation
between these two homeostatic mechanisms is still not clear.
Rather than interpretation in a finalistic view, a mechanistic
approach has been favored to explain the inverse correlation,
linking better CA to enhanced cerebral vasomotor tone due to
the increased sympathetic activity associated with diminished
BRS (7). A finalist view, however, cannot be excluded and can
be based on the theory of the physiological system complexity
states that the structure is optimally configured to support its
functions (27).

In this study, we found that inverse correlation between CA
and BRS is lost in patients with aSAH, who developed CV.
This finding could be the result of mechanical alterations caused
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TABLE 2 | Physiological metrics and cerebral autoregulation in patients with and without cerebral vasospasm (CV).

Parameter No-CV n = 42 CV Before n = 31 CV During n = 31 p* p# p
†

ABP (mm Hg) 89.49 (90.51–80.87) 93.74 (82.91–106.44) 106.50 (89.70–116.65) 0.145 0.001 0.025

HR (bpm) 71.99 (64,03–76.19) 66.41 (61.12–81.15) 75. 12 (63.76–86.92) 0.425 0.281 0.001

CBFV (cm/s) 65.33 (48.63–76.33) 76.65 (63.31–96.89) 143.20 (122.99–154.71) 0.005 <0.001 <0.001

Mxa ipsilateral (a.u.) 0.37 (0.30–0.46) 0.37 (0.28–0.42) 0.43 (0.36–0.52) 0.691 0.039 0.002

Mxa ipsilateral >0.3 [n (%)] 31 (74%) 21 (68%) 28 (90%) 0.571 0.068 0.001

BRS (ms/mm Hg) 10.92 (7.53–15.93) 13.73 (8.41–20.50) 9.53 (5.95–12.20) 0.130 0.244 <0.001

Data are presented as median (lower quartile–upper quartile). p-values marked with bold indicate statistically significant differences between the groups. Following comparisons are

presented for patients: non-CV vs. before CV* (U Mann-Whitney test), non-CV vs. during CV# (U Mann-Whitney test), before CV vs. during CV† (Wilcoxon signed rank test); ABP, arterial

blood pressure; HR, heart rate; CBFV, cerebral blood flow velocity; Mxa, mean velocity index of cerebral autoregulation; BRS, baroreflex sensitivity.

FIGURE 3 | Spearman correlation of cerebral autoregulation (Mxa) and baroreflex sensitivity (BRS) in patients (A), without cerebral vasospasm (CV), (B) before CV, (C)

during CV. A solid red line is a linear regression and dashed lines represent 95% CI.

by the local modifications in the cerebral vasomotor tone as
a consequence of the degradation of hemoglobin after aSAH
(28) that can potentially override the systemic input of the
cardiovascular autonomic nervous system on CA. The potential
consequences of the observed loss of inverse correlation between
BRS and CA are not known. It might play a role in the occurrence
of delayed ischemic deficit in a proportion of patients who
develop CV after aSAH. However, we found that impaired BRS
and CA occurred both in patients with DCI and non-DCI.
Potentially improving both of these metrics should be targeted
in post-SAH clinical management.

The findings on the relationship between the BRS–CA
relationship and age are currently inconclusive. The correlation
between pressure index reactivity (PRx) and BRS has been

shown to be reciprocal in the elderly patients (>60 years)
with traumatic brain injury (15). On the other hand, a study
in the healthy volunteers (20–80 years) has shown that in
older subjects BRS and CA were not correlated (29). Previous
studies have shown that spontaneous BRS decreases significantly
with age and that the loss of arterial distensibility with age
would be the main mechanism responsible for the reduction
in BRS in the older subjects. However, in our study, patients
with CV were younger than patients without CV, so the
decrease in BRS in that group of patients is not biased by
age (30).

Another result from this study pertains to the behavior of
BRS as a time-trend parameter, decreasing during the days that
followed aSAH. BRS decreased significantly after aSAH and
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FIGURE 4 | Time trends (solid red line) and the 95% CI (dashed line) of (A,B) cerebral blood flow velocity (CBFV) and (C,D) baroreflex sensitivity (BRS) in patients

(A,C) with and (B,D) without cerebral vasospasm (CV) analyzed in the days that follow aneurysmal subarachnoid hemorrhage (aSAH). The relationship between days

and physiological parameters was calculated using multiple linear regression analyses with subjects treated as categorical factors using dummy variables (with respect

to the intersubject variability) and a partial coefficient (Rp) between analyzed variables.

“stunned” values of BRS were observed in patients with CV
almost three weeks after onset. In the non-CV group, a non-
significant trend to a moderate decrease in BRS was also observed
in the days following aSAH.

Baroreflex is central to the cardiovascular homeostasis
maintained by the autonomic nervous system. An increase
in sympathetic activity is associated with lower BRS (31).
Autonomic nervous system impairment is common in patients
with acute brain insult (32, 33). It can also occur in the
subacute neurological diseases, such as Guillain–Barre syndrome

(34). Thus, BRS impairment reflects a non-specific systemic
impairment of the cardiovascular autonomic nervous system in
the context of acute brain injury. Our study was not designed to
assess the clinical significance of the loss of inverse correlation
between CA and BRS during the CV. However, in case future
studies confirm the loss of inverse correlation between BRS and
CA in patients at risk of clinical deterioration after aSAH a
comprehensive continuous real-time assessment of BRS along
with CA could provide valuable information in patients with
aSAH as both BRS and CA have been shown to be associated with
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outcome at 3 months (4, 5). In less acute pathological situations,
medical therapy combined with baroreflex activation therapy
(BAT) has been successful, such as in resistant hypertension (35)
and heart failure with reduced ejection fraction (36). It is yet to
demonstrate that BRS is a potential therapeutic target after an
acute brain injury such as aSAH.

The cohort of patients utilized in our study has already
been analyzed for assessment of prognosis in relation to BRS
(5), and cerebral hemodynamic parameters (4, 37, 38). In
this study, we aimed to assess integrative pathophysiology
evaluating the interaction between the two main cardiovascular
and cerebral homeostatic mechanisms that have been associated
with prognosis after aSAH, e.g., BRS (5) and CA (4). The
signal recordings analyzed in this study were routinely sampled
at 200Hz frequency and were appropriate for the calculation
of xBRS in addition to CA assessment. The fact that signals
have been recorded a few years ago have probably not affected
the conclusions of this study. Concerning aSAH treatment, it
has slightly changed from the guidelines applicable at the time
of admission with the most significant change concerning the
recommendation for systemic and cardiovascular monitoring to
be applied (39).

Limitations
This study has several limitations. First, a relatively limited
number of patients were included. In addition, patients were not
stratified according to the previous comorbidities. DSA, which is
assumed to be the gold standard for detecting the cause of SAH
and for the preoperative evaluation of aSAH, was not available
in all the included cases. Therefore, in those patients, aSAH
had been diagnosed by CT angiography. A small proportion of
patients had conservative treatment because of the poor grade
SAH. A potentially confounding factor was the younger age
of the patients with CV compared to the patients without CV
in our study. This could be due to a bias related to the fact
that in our study we used the same threshold for velocities to
define vasospasm both in the young and old patients, although
there is evidence that in older patients, CV is associated with
lower velocities (40). However, there are no recommendations
to diagnose CV in older patients based on different thresholds.
As a consequence of the classic choice we made for similar
thresholds for velocities to diagnose CV in younger and older
patients, CV could have been underdiagnosed in the older
patients. Another potentially confounding factor was a higher
ABP in the CV group, which is the expected result of the applied
therapeutics. However, it is unlikely that this result has biased
the BRS assessment. Indeed, although resetting BRS to adapt to
higher ABP values is known to occur in chronically hypertensive
patients (41), there is no evidence that a short-term increase in
ABP modifies BRS. Our study included mechanically ventilated
patients, which could be another potential confounding factor.
A previous study has shown that mechanical ventilation can
attenuate respiratory arrhythmia and alter BRS (42). However,
in this study, there was no significant difference in BRS
between mechanically ventilated (n = 24) and non-mechanically
ventilated patients (n = 49). Also, we found that BRS was
significantly lower during CV compared to before CV both in

patients with CV and mechanical ventilation (p = 0.016) and
in patients with CV and without mechanical ventilation (p =

0.001). Furthermore, the loss of inverse correlation between Mxa
and BRS was observed before vasospasm and during vasospasm
in patients with CV regardless of mechanical ventilation. Thus,
it seems unlikely that the correlation between BRS and CA was
biased by mechanical ventilation. This study included sedated
and mechanically ventilated patients in whom the main sedation
drugs used were propofol and fentanyl. Propofol administration
has been reported to reduce sympathetic autonomic outflow and
decrease ABP due to its vasodilator effect (43, 44). However,
propofol was shown to not significantly change the average HR,
based on which BRS is measured (45, 46). As for fentanyl, it
was reported that its effect on the autonomic nervous system is
highly dose dependent. Our study population was homogeneous
in terms of medical procedures and the use of drugs. However,
patients have received individually titrated doses of vasopressors,
which may alter BRS. Although in our study there was no
significant difference in BRS between patients with vasopressors
and patients without vasopressors, more studies are needed to
assess the impact of vasopressors on the relationship between
BRS and CA in patients with aSAH.

CONCLUSION

Inverse correlation between BRS and CA was lost in patients
with CV following aSAH. Furthermore, BRS significantly
decreased during the days that followed aSAH in patients who
developed CV. These findings may have an impact on the
prognosis of these patients and need to be investigated in larger
multicentric studies.
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6. Uryga A, Burzyńska M, Tabakow P, Kasprowicz M, Budohoski KP,

Kazimierska A, et al. Baroreflex sensitivity and heart rate variability

are predictors of mortality in patients with aneurysmal subarachnoid

haemorrhage. J. Neurol. Sci. (2018) 394:112–9. doi: 10.1016/j.jns.2018.09.014

7. Nasr N, Czosnyka M, Pavy-Le Traon A, Custaud M-A, Liu X, Varsos GV, et al.

Baroreflex and cerebral autoregulation are inversely correlated. Circ J. (2014)

78:2460–7. doi: 10.1253/circj.CJ-14-0445

8. Fu Q, Okazaki K, Shibata S, Shook RP, Vangunday TB, Galbreath MM, et

al. Menstrual cycle effects on sympathetic neural responses to upright tilt. J

Physiol. (2009) 587:2019–31. doi: 10.1113/jphysiol.2008.168468

9. Moertl MG, Ulrich D, Pickel KI, Klaritsch P, Schaffer M, Flotzinger D, et

al. Changes in haemodynamic and autonomous nervous system parameters

measured non-invasively throughout normal pregnancy. Eur J Obstet Gynecol

Reprod Biol. (2009) 144:S179–83. doi: 10.1016/j.ejogrb.2009.02.037

10. Gallo C, Ridolfi L, Scarsoglio S. Cardiovascular deconditioning during long-

term spaceflight through multiscale modeling. Npj Microg. (2020) 6:1–

14. doi: 10.1038/s41526-020-00117-5

11. Bederson JB, Connolly ES, Batjer HH, Dacey RG, Dion JE, Diringer MN, et

al. Guidelines for the management of aneurysmal subarachnoid hemorrhage:

a statement for healthcare professionals from a special writing group of

the stroke council, American heart association. Stroke. (2009) 40:994–

1025. doi: 10.1161/STROKEAHA.108.191395

12. Francoeur CL, Mayer SA. Management of delayed cerebral

ischemia after subarachnoid hemorrhage. Crit Care. (2016)

20:277. doi: 10.1186/s13054-016-1447-6

13. Lang EW,MehdornHM,DorschNWC, CzosnykaM. Continuousmonitoring

of cerebrovascular autoregulation: a validation study. J Neurol Neurosurg

Psychiatry. (2002) 72:583–586. doi: 10.1136/jnnp.72.5.583

14. Westerhof BE, Gisolf J, Stok WJ, Wesseling KH, Karemaker

JM. Time-domain cross-correlation baroreflex sensitivity:

performance on the EUROBAVAR data set. J Hypertens. (2004)

22:1–101. doi: 10.1097/01.hjh.0000125439.28861.ed

15. Sykora M, Czosnyka M, Liu X, Donnelly J, Nasr N, Diedler J,

et al. Autonomic impairment in severe traumatic brain injury:

a multimodal neuromonitoring study. Crit Care Med. (2016)

44:1173–81. doi: 10.1097/CCM.0000000000001624

16. Bland M, Altman DG. Statistics notes: calculating correlation coefficients

with repeated observations: Part 1–correlation within subjects. BMJ. (1995)

310:446. doi: 10.1136/bmj.310.6977.446

17. Bland M, Altman DG. Calculating correlation coefficients with

repeated observations: Part 2–correlation between subjects. BMJ. (1995)

310:633. doi: 10.1136/bmj.310.6980.633

18. Zhang R, Zuckerman JH, Iwasaki K, Wilson TE, Crandall CG, Levine BD.

Autonomic neural control of dynamic cerebral autoregulation in humans.

Circulation. (2002) 106:1814–20. doi: 10.1161/01.CIR.0000031798.07790.FE

19. Olsen MH, Riberholt CG, Mehlsen J, Berg RMG, Møller K. Reliability

validity of the mean flow index (Mx) for assessing cerebral autoregulation in

humans: a systematic review of the methodology. J Cereb Blood Flow Metab.

(2021). doi: 10.1177/0271678X211052588. [Epub ahead of print].

20. Calviere L, Nasr N, Arnaud C, Czosnyka M, Viguier A, Tissot B, et al.

Prediction of delayed cerebral ischemia after subarachnoid hemorrhage

using cerebral blood flow velocities and cerebral autoregulation assessment.

Neurocrit Care. (2015) 23:253–8. doi: 10.1007/s12028-015-0125-x

21. Jaeger M, Soehle M, Schuhmann MU, Meixensberger J. Clinical

significance of impaired cerebrovascular autoregulation after

severe aneurysmal subarachnoid hemorrhage. Stroke. (2012)

43:2097–101. doi: 10.1161/STROKEAHA.112.659888

22. Czosnyka M, Smielewski P, Czosnyka Z, Piechnik S, Steiner LA,

Schmidt E, et al. Continuous assessment of cerebral autoregulation:

clinical and laboratory experience. Acta Neurochir Suppl. (2003)

86:581–5. doi: 10.1007/978-3-7091-0651-8_118

23. Soehle M, Czosnyka M, Pickard JD, Kirkpatrick PJ. Continuous assessment

of cerebral autoregulation in subarachnoid hemorrhage. Anesth Analg. (2004)

98:1133–9. doi: 10.1213/01.ANE.0000111101.41190.99

24. Yundt KD, Grubb RL, Diringer MN, Powers WJ. Autoregulatory vasodilation

of parenchymal vessels is impaired during cerebral vasospasm. J Cereb Blood

Flow Metab. (1998) 18:419–24. doi: 10.1097/00004647-199804000-00010

25. Faes L, Porta A, Rossato G, Adami A, Tonon D, Corica A, et al. Investigating

the mechanisms of cardiovascular and cerebrovascular regulation in

orthostatic syncope through an information decomposition strategy.

Auton Neurosci Basic Clin. (2013) 178:76–82. doi: 10.1016/j.autneu.2013.

02.013

26. Tzeng Y-C, Lucas SJE, Atkinson G, Willie CK, Ainslie PN.

Fundamental relationships between arterial baroreflex sensitivity and

dynamic cerebral autoregulation in humans. J Appl Physiol. (2010)

108:1162–8. doi: 10.1152/japplphysiol.01390.2009

27. Witter T, Tzeng YC, O’Donnell T, Kusel J, Walker B, Berry M, et al. Inter-

individual relationships between sympathetic arterial baroreflex function

and cerebral perfusion control in healthy males. Front Neurosci. (2017)

11:457. doi: 10.3389/fnins.2017.00457

28. Allhorn M, Bülow M, Hansson L, Ley S, Olsson DL, Schmidtchen

ML, et al. Pathological conditions involving extracellular hemoglobin:

molecular mechanisms, clinical significance, and novel therapeutic

opportunities for alpha(1)-Microglobulin. Antioxid Redox Signal. (2012)

17:813. doi: 10.1089/ars.2011.4282

29. Teixeira SC, Madureira JB, Azevedo EI, Castro PM. Ageing affects the balance

between central and peripheral mechanisms of cerebrovascular regulation

with increasing influence of systolic blood pressure levels. Eur J Appl Physiol.

(2019) 119:519–29. doi: 10.1007/s00421-018-4036-3

30. Kardos A, Watterich G, Menezes R, de, Csanády M, Casadei B, et al.

Determinants of spontaneous baroreflex sensitivity in a healthy working

population. Hypertension. (2001) 37:911–6. doi: 10.1161/01.HYP.37.3.911

31. Tafil-Klawe M, Klawe J, Majcherczyk S, Trzebski A. Sympatho-

inhibitory baroreflex in conscious rabbits: simultaneous recordings

of sympathetic and aortic nerve activity. J Auton Nerv Syst. (1989)

28:227–32. doi: 10.1016/0165-1838(89)90150-1

Frontiers in Neurology | www.frontiersin.org 10 January 2022 | Volume 12 | Article 740338

https://doi.org/10.1007/s12975-013-0257-2
https://doi.org/10.1155/2014/679014
https://doi.org/10.1002/jnr.21823
https://doi.org/10.1161/STROKEAHA.112.669788
https://doi.org/10.1161/STROKEAHA.118.020729
https://doi.org/10.1016/j.jns.2018.09.014
https://doi.org/10.1253/circj.CJ-14-0445
https://doi.org/10.1113/jphysiol.2008.168468
https://doi.org/10.1016/j.ejogrb.2009.02.037
https://doi.org/10.1038/s41526-020-00117-5
https://doi.org/10.1161/STROKEAHA.108.191395
https://doi.org/10.1186/s13054-016-1447-6
https://doi.org/10.1136/jnnp.72.5.583
https://doi.org/10.1097/01.hjh.0000125439.28861.ed
https://doi.org/10.1097/CCM.0000000000001624
https://doi.org/10.1136/bmj.310.6977.446
https://doi.org/10.1136/bmj.310.6980.633
https://doi.org/10.1161/01.CIR.0000031798.07790.FE
https://doi.org/10.1177/0271678X211052588
https://doi.org/10.1007/s12028-015-0125-x
https://doi.org/10.1161/STROKEAHA.112.659888
https://doi.org/10.1007/978-3-7091-0651-8_118
https://doi.org/10.1213/01.ANE.0000111101.41190.99
https://doi.org/10.1097/00004647-199804000-00010
https://doi.org/10.1016/j.autneu.2013.02.013
https://doi.org/10.1152/japplphysiol.01390.2009
https://doi.org/10.3389/fnins.2017.00457
https://doi.org/10.1089/ars.2011.4282
https://doi.org/10.1007/s00421-018-4036-3
https://doi.org/10.1161/01.HYP.37.3.911
https://doi.org/10.1016/0165-1838(89)90150-1
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Uryga et al. BRS-CA Relationship in Vasospasm

32. Schmidt HB, Werdan K, Müller-Werdan U. Autonomic

dysfunction in the ICU patient. Curr Opin Crit Care. (2001)

7:314–22. doi: 10.1097/00075198-200110000-00002

33. Hilz MJ, Liu M, Roy S, Wang R. Autonomic dysfunction in

the neurological intensive care unit. Clin Auton Res. (2019)

29:301–11. doi: 10.1007/s10286-018-0545-8

34. Benghanem S, Mazeraud A, Azabou E, Chhor V, Shinotsuka CR, Claassen

J, et al. Brainstem dysfunction in critically ill patients. Crit Care. (2020)

24:1–14. doi: 10.1186/s13054-019-2718-9

35. Bisognano JD, Bakris G, Nadim MK, Sanchez L, Kroon AA, Schafer

J, et al. Baroreflex activation therapy lowers blood pressure in patients

with resistant hypertension results from the double-blind, randomized,

placebo-controlled rheos pivotal trial. J Am Coll Cardiol. (2011) 58:765–

73. doi: 10.1016/j.jacc.2011.06.008

36. Wachter R, Abraham WT, Lindenfeld J, Weaver FA, Zannad F, Wilks

S, et al. Positive effects of baroreflex activation therapy in heart

failure with reduced ejection fraction are independent of baseline blood

pressure. Eur Heart J. (2017) 38:ehx502.P1475. doi: 10.1093/eurheartj/ehx502.

P1475

37. Varsos GV, Budohoski KP, Czosnyka M, Kolias AG, Nasr N, Donnelly

J, et al. Cerebral vasospasm affects arterial critical closing pressure.

J Cereb Blood Flow Metab. (2015) 35:285–91. doi: 10.1038/jcbfm.

2014.198

38. Papaioannou VE, Budohoski KP, Placek MM, Czosnyka Z, Smielewski P,

Czosnyka M. Association of transcranial doppler blood flow velocity slow

waves with delayed cerebral ischemia in patients suffering from subarachnoid

hemorrhage: a retrospective study. Intensive Care Med Exp. (2021) 9:1–

17. doi: 10.1186/s40635-021-00378-8

39. Diringer MN, Bleck TP, Hemphill JC, Menon D, Shutter L, Vespa

P, et al. Critical care management of patients following aneurysmal

subarachnoid hemorrhage: recommendations from the neurocritical care

society’s multidisciplinary consensus conference. Neurocrit Care. (2011)

15:211–40. doi: 10.1007/s12028-011-9605-9

40. Torbey MT, Hauser TK, Bhardwaj A, Williams MA, Ulatowski JA, Mirski

MA, et al. Effect of age on cerebral blood flow velocity and incidence

of vasospasm after aneurysmal subarachnoid hemorrhage. Stroke. (2001)

32:2005–11. doi: 10.1161/hs0901.094622

41. Mussalo H, Vanninen E, Ikäheimo R, Laitinen T, Laakso M,

Länsimies E, et al. Baroreflex sensitivity in essential and secondary

hypertension. Clin Auton Res. (2002) 12:465–71. doi: 10.1007/s10286-002-

0069-z

42. Van De Louw A, Médigue C, Papelier Y, Cottin F. Breathing

cardiovascular variability and baroreflex in mechanically ventilated

patients. Am J Physiol Regul Integr Comp Physiol. (2008)

295:R1934–40. doi: 10.1152/ajpregu.90475.2008

43. Cullen PM, Turtle M, Prys-Roberts C, Way WL, Dye J. Effect of propofol

anesthesia on baroreflex activity in humans. Anesth Analg. (1987) 66:1115–

20. doi: 10.1213/00000539-198711000-00008

44. Chen Z, Purdon PL, Harrell G, Pierce ET, Walsh J, Brown EN, et al. Dynamic

assessment of baroreflex control of heart rate during induction of propofol

anesthesia using a point process method. Ann Biomed Eng. (2011) 39:260–

76. doi: 10.1007/s10439-010-0179-z

45. Ebert TJ. Sympathetic and hemodynamic effects of moderate and

deep sedation with propofol in humans. Anesthesiology. (2005)

103:20–4. doi: 10.1097/00000542-200507000-00007

46. Dorantes Mendez G, Aletti F, Toschi N, Canichella A, Dauri M, Coniglione

F, et al. Baroreflex sensitivity variations in response to propofol anesthesia:

comparison between normotensive and hypertensive patients. J Clin Monit

Comput. (2013) 27:417–26. doi: 10.1007/s10877-012-9426-1

Conflict of Interest: MC and PS are authors of ICM+ software. They have a

financial interest in a part of the licensing fee for ICM + distributed by Cambridge

Enterprise Ltd., UK.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Uryga, Nasr, Kasprowicz, Budohoski, Sykora, Smielewski,
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