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Abstract
Purpose The development of secondary complications
following spontaneous subarachnoid hemorrhage (SAH)
largely depends on sympathetic overexcitation. The roles of
vagal activities, however, are poorly defined. Because both
components of the autonomic nervous system can be
explored in the frequency domain of heart rate variability
(HRV), the present study aimed to determine the dynamic
evolution of autonomic activities and to identify patients at
high risk for complications following hemorrhage.
Methods Thirty patients with SAH were enrolled in our
study. Those who suffered from symptomatic vasospasm,
cerebral infarction, neurogenic pulmonary edema, or early
mortality within 1 week of ictus were categorized into the
complication group. Spectral analysis of HRV explored
three important indices of sympathetic and vagal modu-
lations: low-frequency (LF), high-frequency (HF), and
LF/HF ratios. Patterns of HRV dynamics within the first
3 days were compared between complication and non-

complication groups. The group trends, estimated by the
slopes of HRV changes, were determined for further
univariate and multivariate analysis.
Results Our study showed that daily HRV in the complica-
tion group exhibited an approximately 2.7-fold increase of
sympathovagal ratio (denoted by LF/HF). This resulted
from reciprocal changes of sympathoexcitation (LF) and
vagal withdrawal (HF). Multivariate analysis revealed that
LF/HF slope, an indicator of the trend of sympathovagal
change, was an independent variable significantly associat-
ed with the development of complications.
Conclusions This study confirmed that during early SAH
period, patients with and without complications presented
different patterns of sympathovagal changes. LF/HF slope
during the first 3 days was a significant predictor of
secondary complications after SAH.
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Introduction

Treatment of subarachnoid hemorrhage (SAH) remains
challenging in neurocritical care. Those who survive the
initial hemorrhage are still susceptible to secondary
complications, including rebleeding, cardiopulmonary com-
promise, neurogenic pulmonary edema, and delayed ische-
mic neurological deficits [15, 18, 22]. Because some
secondary insults are potentially treatable with good out-
comes, patients might benefit from intensive monitoring
and management if a high-risk group could be identified
early after SAH.
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Early morbidity in patients with SAH is dependent on the
extent of autonomic dysregulation. Most studies have
focused on sympathoexcitations. Naredi et al. reported that
SAH patients exhibited an approximately three-fold increase
in norepinephrine spillover within 48 h after insult [19].
Benedict and Loach reported that norepinephrine concen-
tration was particularly increased in SAH patients with poor
outcomes [5]. The importance of parasympathetic dysregu-
lation, however, is poorly defined, probably because vagal
activities are not measurable in routine laboratories.
Because cardiac rhythms are mainly affected through the
interplay of the sympathetic and vagal outflows, fluctuation
of heart rate provides important information about auto-
nomic nervous system (ANS) [2]. Based on measuring
intervals of consecutive R-wave peaks, spectral analysis of
heart rate variability (HRV) has become a well-established
method for estimating both components of ANS activities.

Autonomic components can be explored in the frequen-
cy domain of HRV [2, 17]. Previous studies have
demonstrated that the power of the high-frequency (HF)
band reflected parasympathetic modulations of cardiac
rhythm, whereas low-frequency (LF) power denoted pre-
dominantly sympathetic modulations. The LF-to-HF ratio
(LF/HF) is commonly regarded as an index of sympatho-
vagal balance. In other words, HRV analysis appears to
offer a noninvasive and quantitative evaluation of sympa-
thovagal interactions.

In the present report, we adapted this powerful technique
to examine the autonomic alterations following SAH. The
objective of this study was to assess differential profiles of
autonomic modulations between SAH patients with and
without complications and to identify significant predictors
of secondary complications.

Materials and methods

Study population

From April 2008 to January 2009, we enrolled patients with
SAH of non-traumatic origin who were admitted to the
Department of Neurosurgery, National Taiwan University
Hospital, within 24 h of onset. The diagnosis of SAH was
based on non-contrast computed tomography (CT) imaging.
Locations of the ruptured aneurysms were confirmed either
by conventional cerebral angiography or three-dimensional
CT angiography. Patients with prior cardiac disease or
autonomic dysfunctions were excluded. Informed consent
was obtained from the patients or, in case of unconscious-
ness, from a family member. The local Ethics Committee
approved the protocol.

On admission, demographic characteristics, clinical
severities, and radiological images were recorded. Degree

of neurological severity was classified by following the
World Federation of Neurosurgical Societies (WFNS)
grading system [1]. WFNS grades I, II, and III were
defined as low grade, whereas grades IV and V were
defined as high grade.

Patient management

All patients underwent early aneurysm treatment within
48 h, when feasible. All patients underwent continuous
monitoring of arterial blood pressure and cardiac status by
electrocardiography (ECG). Patients were evaluated hourly
for neurological signs. Arterial blood gas levels were
assessed daily in the first week after SAH. All patients
received nimodipine for prevention of cerebral vasospasm.

Definition of primary outcome

Complications following SAH varied in severity. The
present study focused only on severe complications that
occurred within the first week after SAH. These included
neurogenic pulmonary edema, symptomatic vasospasm,
cerebral infarction, and death. The diagnosis of neurogenic
pulmonary edema was defined as the presence of a butterfly
pattern of the pulmonary field with a cardiothoracic ratio
below 50% on the chest film and arterial blood gas showing
hypoxia and respiratory alkalosis that required endotracheal
intubation and controlled mechanical ventilation [18].
Clinical criteria of symptomatic vasospasm included both
the presence of neurological deterioration and arterial
narrowing on CT angiography and/or conventional cerebral
angiography. For patients who developed cerebral infarc-
tion, low-density regions of a certain arterial territory were
demonstrated by noncontrast CT scanning.

Assessment of HRV

1. Data acquisition

ECG signals were exported to a personal computer via a
data-acquisition card (DAQ Card-6024E), with a sampling
rate of 500 Hz. All data were divided and stored in 60-min
intervals for off-line analysis. Recordings started from the
day of admission (day 1) to day 3.

2. Sampling of representative ECG data

Data recorded during day time (09:00–17:00 hours) were
chosen for analysis because HRV has been reported to have
circadian differences [7]. For every patient, three segments
of non-successive 5-min recordings of stationary ECG were
chosen per day for further spectral analysis. ECG record-
ings were excluded if more than 5% of the recorded
segments had nonsinus rhythm, ectopic beats, or noise.
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3. Generation of RR interval sequence

The procedure of HRV analysis was designed according
to the guidelines outlined by the task force of the European
Society of Cardiology and the North American Society of
Pacing and Electrophysiology [2]. R waves were detected
automatically by using a threshold-plus-derivative method,
followed by manual verification and correction. All ectopic
and other nonsinus beats were excluded and replaced with
interpolative RR interval data. The generated RR interval
sequence was irregularly sampled in time, so cubic
interpolation was used for resampling with a rate of 2 Hz.

4. Frequency-domain analysis

Three major HRV parameters, including LF power, HF
power, and LF/HF, were computed using an HRV analysis
toolkit (version 1.1, Kuopio, Finland) [20]. In brief, after the
ectopic-free data were detrended and resampled, the power
spectral density of each 5-min recording was estimated using
the fast Fourier transform (FFT) algorithm. The FFT para-
meters were based on a Welch periodogram with a Hanning
window width of 1,024 points and an overlap of 512 points.

The power spectra were quantified into the standard
frequency-domain measurements, including very low fre-
quency (VLF) (0.003–0.04 Hz), LF (0.04–0.15 Hz), and
HF (0.15–0.40 Hz) power. To minimize the effect on the
values of LF and HF components of the changes in total
power (TP), normalized HF (HF(n)) and LF (LF(n)) power
components were measured in normalized units, which
represent the value of each power component divided by
TP minus VLF components [2]. HF(n) was mediated by
parasympathetic modulation to the sinus, and LF(n) was
mediated by sympathetic modulations predominantly with
various vagal components. The ratio of LF/HF power was
measured as an index of sympathovagal balance. To
minimize the error imposed by the analysis of short segments
of ECG, the mean value of each parameter was then obtained
from the three 5-min segments on each day [2].

5. Dynamic changes of HRV indices

Malik et al. demonstrated that specific spectral compo-
nents of HRV were merely markers of the autonomic
influences on the modulations of heart rate, but not direct
measurements of the autonomic tones [16]. Therefore, HRV
indices themselves were probably not comparable between
patients in different physiological conditions. Therefore, in
the present study, we attempted to determine the dynamic
changes of HRV indices in the same patient but did not
compare HRV indices between different patients. We
regarded LF(n) on day 1 as the baseline value. The ratios
of LF(n) on day 2 and day 3 to baseline value were then
measured to evaluate the extent of LF changes. The same
procedure was also applied to HF(n) and LF/HF.

The amount of change from day 1 to day 3 in each HRV
parameter was estimated using the least squares regression
line. The slopes of these three lines, labeled as LF-slope,
HF-slope, and LF/HF slope, were thus determined to
represent the trend of HRV changes.

Statistical analysis

All data were expressed as median and their 25th–75th
percentile. Comparisons between HRV parameters on day 2
and day 1 (or day 3 and day 1) in the same group were
performed using the paired Wilcoxon signed rank test.
Numerical (age, slopes of HRV parameters) and categorical
variables (sex, WFNS grading) were compared between the
complication and non-complication groups by using the
Wilcoxon signed-rank test and Fisher exact test, respec-
tively. To investigate whether the trend of sympathovagal
balance was an independent predictor of severe complica-
tions, we applied logistic regression multivariate analysis to
adjust for baseline age, sex, and WFNS grade. A
probability value of less than 0.05 was defined as
statistically significant. Data were analyzed with commer-
cially available software Number Crunching Statistical
System (NCSS) 2004 (NCSS Inc., Kaysville, UT).

Results

Demographic data

A total of 30 patients fulfilled the inclusion criteria and
were enrolled in the present study. There were 11 men and
19 women with a median age of 52 years. The clinical
severity of SAH was high in half of the subjects. Eighteen
patients underwent aneurysm clipping, and seven under-
went embolization of their aneurysms. The following 17
complications were observed in 16 patients in decreasing
order of frequency: cerebral infarctions (six patients), early
death (four patients), neurogenic pulmonary edema (four
patients), and symptomatic vasospasm (three patients). The
median duration between SAH and the diagnosis of a
complication (or death) was 4 days (25th–75th percentile,
3–5 days). Table 1 summarizes the demographic data,
aneurysm locations, treatment of choice, and occurrence of
complications in all patients.

Daily HRV values exhibited different trends in both
groups, as shown in Fig. 1. Compared to HRV parameters
on day 1, patients with complications showed a signifi-
cantly higher LF(n) on day 2 (1.31-fold, 25th–75th
percentile: 0.95∼1.67, p=0.01) and day 3 (1.35-fold,
25th–75th percentile: 1.05∼1.71, p=0.01). HF(n) signifi-
cantly reduced on day 2 (0.56-fold, 25th–75th percentile:
0.38∼1.09, p<0.01) and day 3 (0.51-fold, 25th–75th
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percentile: 0.38∼0.96, p=0.01). Reciprocal changes of
LF(n) and HF(n) resulted in an approximately 2.7-fold
increase of LF/HF on day 2 (p<0.01) and day 3 (p < 0.01),
a statistically significant change. In contrast, no significant
changes of HRV indices were observed on day 2 and day 3
in non-complication group.

When SAH patients with and without complications
were compared (Table 2), neither group differed in terms of
age, sex, and WNFS grading. Using Wilcoxon signed-rank
test, the only two variables with significant group differ-
ences were HF slope and LF/HF slope. In the complication
group, HF slope was more negative (−0.21 versus −0.04,
p=0.02), whereas LF/HF slope was much more positive
(0.80 versus 0.09, p = 0.03). In the multivariate analysis
(Table 3), high WFNS grades (odds ratio: 11.47, p = 0.04)
and LF/HF slope (odds ratio: 14.98, p = 0.02) were
independent variables significantly associated with the
development of complications.

Discussions

HRV, which can be quantified in frequency domain, was
determined by the complex interplay between sympathetic
and vagal activities [17]. We applied a spectral technique to
analyze daily HRV in patients with SAH to identify
individuals at high risk for subsequent complications. The
major findings of this study were as follows. During the

early SAH period, patients with and without complications
presented with different patterns of sympathovagal changes.
The LF/HF slope, representative of the trend of sympatho-
vagal change, was a significant predictor of subsequent
complications.

Sympathetic overexcitation has been etiologically corre-
lated with various kinds of complications following SAH.
Dilraj et al. found that cerebrospinal fluid catecholamine
levels were higher in SAH patients complicated with
cerebral vasospasm [8]. Excessive secretion of catechol-
amines has also been reported in patients with cardiac
compromise or neurogenic pulmonary edema after SAH
[15, 18]. Similar results were also shown in our series. LF

Fig. 1 Differential patterns of LF(n), HF(n), and LF/HF from post-
SAH day 1 to day 3 in the complication and noncomplication groups.
Evolutions of three HRV indices among two groups were significantly
different. All data were expressed as median and interquartile range
with day 1 value defined as 1. * p<0.01 versus day 1; # p=0.01
versus day 1 by paired Wilcoxon signed-rank test

Table 1 Basic clinical characteristics of aneurysm location, treatment,
and complications in 30 patients in the present study

Age (years) 52 (26–68)

Sex (M:F) 11:19

WFNS grade

Low (I–III) 15

High (IV–V) 15

Aneurysm location

Internal carotid artery 4

Posterior communicating artery 4

Anterior communicating artery 13

Middle cerebral artery 2

Posterior circulation 7

Treatment

Surgical clipping 18

Embolization 7

Conservative 5

Complications 16 patients

Symptomatic vasospasm 3

Infarction 6

Neurogenic edema 4

Early death 4
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(n) power, an index of sympathetic modulation, exhibited
an 1.3-fold increase in the complication group on day 2 and
day 3 after SAH. In contrast, LF(n) power in the non-
complication group remained similar within the first 3 days.
All these results implied the presence of a strong correlation
between sympathetic acceleration and secondary complica-
tions following SAH. Though the causal relationships
between them were not clear, sympathoexcitation-induced
cerebral vasospasm, neurogenic pulmonary edema, and
other possible complications have been demonstrated in
numerous animal studies [15]. In our study, LF(n) obvi-
ously increased before complications occurred. Based on
these findings, we hypothesized that sympathetic over-
excitation was important in determining subsequent com-
plication events. The reasons why the acceleration rate of
sympathetic activities, denoted by LF slope, had no
significant group differences were not clear. Possible
explanations included: (1) a larger number of subjects
may be required to demonstrate statistical significance. (2)
Increased sensitivity of target organs to sympathetic
activities have been noticed in experimental SAH models
even though the catecholamine levels were not higher [9,
13]. In this situation, measurement of LF(n) or plasma
catecholamine would fail to demonstrate sympathetic
hyperexcitation. (3) The meaning of LF(n) remained
equivocal. In some conditions, it was regarded as the
marker of sympathetic activity predominantly, while in
others, it seemed to be modulated by both sympathetic and
parasympathetic activities [2]. In the latter situation, the
increase of sympathetic activity in combination of a

reduction of vagal activity would result in an unpredictable
change of LF(n).

The role of the parasympathetic nervous system in SAH
remains obscure clinically. In animal studies, vagal stim-
ulations have been shown to decrease or prevent secondary
insults to some extents. Excitation of vagal activities via
sphenopalatine ganglion stimulation [24] or transcorneal
stimulation of trigeminal nerve afferents [3] have been
shown to reverse cerebral vasospasm in canine and rat
models of SAH. In contrast, acute vagal withdrawal by
bilateral vagotomy was able to generate profound neuro-
genic pulmonary edema [6, 10]. Though these findings
were not directly comparable to clinical conditions, our
results concurred with these animal experiments in that
patients with complications exhibited a significant decrease
of HF(n). This reduction was absent in non-complication
group. Besides, we also demonstrated that the reduction
rate of HF(n) in complication group, denoted by HF-slope,
was much greater compared to that in non-complication
group. Ŝvigelj et al. who examined 22 SAH patients with
uneventful courses, also showed a steady pattern of HF
power in the first 3 days after SAH [21]. We could therefore
propose that in addition to sympathetic excitation, vagal
reduction during early SAH period was possibly another
contributing factor to the genesis of complications.

The reciprocal nature of the sympathetic and parasym-
pathetic nervous systems raised the important issue of
overall autonomic balances, which could be estimated by
LF/HF. Results of the present study showed that sympa-
thovagal balance in the complication group exhibited an
approximately 2.7-fold increase on the second day after
SAH. This was attributed to a simultaneous acceleration of
sympathetic modulations (i.e., LF(n)) and an abrupt
declination of vagal influences (i.e., HF(n)) on day 2 and
day 3. As for the non-complication group, LF/HF remained
similar from day 1 to day 3. In univariate analysis, LF/HF
slope was significantly higher in the complication group.
After adjusting for other clinical variables, LF/HF slope and
WFNS grade were the only two significant predictors of the
subsequent complications. These results strongly suggested

Noncomplication Complication p value
n=14 n=16

Age (years) 49.5 (46.0–59.2) 53.5 (49.0–61.8) 0.15

Sex (M:F) 4:10 7:9 0.47

WFNS grade

Low (I–III) 9 6 0.27

High (IV–V) 5 10

LF slope 0.02 (−0.05–0.15) 0.22 (0.01–0.32) 0.13

HF slope −0.04 (−0.12–0.14) −0.21 (−0.31 to –0.01) 0.02

LF/HF slope 0.09 (−0.25–0.46) 0.80 (0.01–1.51) 0.03

Table 2 Factors associated with
secondary complications fol-
lowing SAH

Table 3 Predictors of post-SAH complications based on logistic
multivariate regression analysis (noncomplication group as reference)

Regression coefficient Odds ratio P-value

Age (years) 0.003 1.00 0.96

Female sex −1.52 0.22 0.19

High WFNS grade 2.44 11.47 0.04

LF/HF slope 2.71 14.98 0.02
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that when measuring ANS activities, not only sympathetic
activities but also vagal tones should be taken into
consideration. Therefore, we believed that the predictive
value of sympathovagal ratio would be higher during the
early period of SAH.

Our findings raised another well-known issue in that
ECG abnormalities were common following SAH [11, 12].
Typical ECG changes in the acute phase of SAH, including
ST elevations and QT prolongation, mimicked ECG
findings in acute myocardial infarction (AMI). Interesting-
ly, HRV spectral profiles in our complication group,
characterized by increases in LF(n) component and in LF/
HF ratio, were also similar to those in the early hours of
true AMI attacks [14]. These findings suggested that both
physiological conditions shared a common autonomic
dysregulation, that was, a prevailing sympathetic augmen-
tation and parasympathetic inhibition. The possibility of
mis-interpretation between SAH and AMI could not be
over emphasized.

There were several limitations to this study. First of all, a
larger study population was mandatory to validate our
hypotheses. Secondly, the underlying mechanisms of
autonomic dysregulations following SAH were largely
unknown. Although a possible explanation was the differ-
ential ischemic injury to the hypothalamus, there was no
strong evidence to support this hypothesis [8, 23]. Finally, it
was important to mention that HF was significantly related
to the respiratory sinus rhythm. According to Aysin et al.,
HF power was proportional to the fundamental respiratory
frequency (FRF); that was, FRF*0.65 to FRF*1.35 [4].
Therefore, a slow respiration rate, for example six per
minute (i.e., FRF=0.1), can cause an erroneous increase in
the predefined area of LF power and misinterpretation of
sympathetic hyperactivity. However, for a normal breathing
rate around 10∼16 per minute, the FRF ranged from 0.16∼
0.26. The resulting HF area calculated from FRF therefore
resided mainly within the default HF area (i.e., 0.15∼
0.40 Hz). In our series, 20 out of 30 patients were
mechanically ventilated during the ECG recording. All
patients, whether intubated or not, had a breathing rate
ranging from 10∼18 per minute. Therefore, we hypothe-
sized that our results remained valid in consideration of
respiration effects. However, we still believed that integrat-
ing respiratory signals into spectral analysis of HRV could
provide a more accurate interpretation in human autonomic
nervous activities.

Despite these uncertainties, we concluded that spectral
analysis of HRV provided important information regarding
ANS dynamics during the early SAH period. Investigation
of the possible relationships between HRV indices and
secondary complications revealed that both sympathetic
overexcitation and vagal withdrawal might contribute to
the genesis of complications after SAH. Although the

exact cause of different autonomic dysregulations follow-
ing SAH remains unclear, measurements of the LF/HF
slope after admission might assist clinical assessment in
identifying patients at high risk for early secondary
complications.
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Comment

Neurointensive care after subarachnoid hemorrhage is challenging,
and many patients still suffer from secondary complications not
reliably predictable by routine assessment. Spectral analysis of the
patients' heart rate variability potentially is a first step in this direction.
On the other hand, one has to consider that the present study only
provides results with restricted expressiveness, as also discussed by
the authors. However, it seems to be of value to perform further
studies with more patients.

Marcus Reinges
Aachen, Germany
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