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Identifying autonomic nervous system dysfunction 
in acute cerebrovascular attack by assessments of 
heart rate variability and catecholamine levels

Introduction

Despite major progress in the treatment of acute stroke 
it remains one of the most devastating neurological 
conditions and substantial economic costs are incurred 
due to stroke‑related disability.[1] The brain damage 
sustained by stroke may lead to death or neurological 
deficits. Cardiac complications such as arrhythmias, 
ischemic heart injury, or sudden death resulting from 
cardiovascular autonomic dysfunction is frequently 
observed following acute stroke. [2] Heart rate is 

influenced by both the sympathetic and parasympathetic 
autonomic systems.[3] Thus, analysis of heart rate 
variations provides a means to investigate autonomic 
nervous system  (ANS) function. Directly measuring 
the peripheral activity of the ANS in humans is 
difficult. Hence, noninvasive, rapid and repeatable tests 
such as measuring neuro‑immune biomarker levels, 
sympathetic skin response via electrophysiological 
techniques, and heart rate variability (HRV) are utilized. 
The reliability of such tests that evaluate autonomic 
disorders has been optimized and standardized in 
previous studies.[4‑5] HRV analysis is a noninvasive 
method utilized to evaluate the autonomic regulation 
of the cardiovascular system, which reflects both 
sympathetic and parasympathetic influences.[6] HRV 
measurement is performed with a 5‑minute short‑term 
or a 24‑hour long‑term electrocardiogram  (ECG) 
recording using time‑domain, frequency‑domain, 
and geometric and nonlinear methods. Time‑domain 
HRV analysis is preferred for long‑term recordings 
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ABSTRACT

Objective: This study aimed to evaluate changes in the autonomic nervous system caused by cerebral lesions due 
to acute stroke. We assessed heart rate variability and catecholamine levels in lieu of stroke lesion localization. 
Materials and Methods: A total of 60 stroke patients and 31 healthy controls were enrolled in the study. Plasma 
epinephrine and norepinephrine levels were measured on the first, third, and seventh days following the stroke 
event. Heart rate variability was evaluated with time‑domain and frequency‑domain analyses via 24‑hour Holter 
monitor recordings. Results: On the first and third day following the stroke, norepinephrine levels were significantly 
higher in all patient groups as compared to controls. Epinephrine levels on the first, third and seventh days after the 
stroke were significantly higher in patients with lesions in the right middle cerebral artery territory than controls. In 
frequency‑domain analysis, patients with right middle cerebral artery territory lesions had greater low frequency and 
low frequency to high frequency ratio values than controls. Time‑domain analysis revealed significant decreases in the 
standard deviation from the mean for 5‑minute 288 R‑R intervals in patients with lesions in the right middle cerebral 
artery and posterior cerebral artery territory when contrasted with controls. Patients with lesions in the right middle 
cerebral artery territory demonstrated the highest increase in the percentage of consecutive R‑R intervals differing 
by more than 50 ms (pNN50) as compared to the control group. Conclusion: These findings indicate that autonomic 
dysfunction favoring an increase in sympathetic activity occurs in acute stroke patients.
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and provides adequate information regarding cardiac 
autonomic function. Frequency‑domain analysis is 
preferred for short‑term measurements since it is 
more appropriate for certain medical conditions and 
is more easily interpreted. It has been demonstrated 
that time‑domain parameters and frequency‑domain 
parameters are strongly correlated with each other.[7] 
Catecholamines such as dopamine, norepinephrine and 
epinephrine all play key roles in the regulation of many 
physiological processes and have various effects on 
neurological, psychiatric, endocrine and cardiovascular 
conditions.[8] Plasma norepinephrine concentration is 
considered as an indicator of peripheral sympathetic 
activity. Norepinephrine is a neurotransmitter found 
in both the brainstem and the peripheral sympathetic 
nervous system. There is a close association between 
the release of norepinephrine into the synaptic space 
and an increase in sympathetic tone. In our study we 
evaluated the ANS changes experienced by acute stroke 
patients according to the localization of the stroke lesion. 
HRV time‑domain and frequency‑domain parameters 
and plasma catecholamine levels were analyzed so to 
demonstrate the relationship between sympathetic and 
parasympathetic function and stroke lesion location.

Materials and Methods

A total of 60 patients that presented with stroke and were 
admitted in the Neurology Clinic of Dicle University 
Faculty of Medicine within a year were enrolled in the 
study. A group of 31 healthy volunteers comprised the 
control group. Exclusion criteria from the study were 
patients with diabetes, a history of arrhythmia and/or 
stroke, cardiac valve prosthesis, advanced heart failure, 
and renal and/or hepatic insufficiency. In addition, 
patients taking medications such as digoxin, lithium, 
tricyclic antidepressants, theophylline, levodopa, 
beta‑blockers, and calcium channel blockers, which are 
known to influence ECG readings and cardiac rhythm 
on Holter monitoring, were also excluded. Patients that 
presented to the hospital more than 24 hours following 
the stroke, patients that had no identifiable cerebral lesion 
on magnetic resonance imaging (MRI), and patients with 
cerebral lesions < 15 mm on MRI were eliminated from 
the study. The study protocol was approved by the Dicle 
University Ethics Committee, and informed consent was 
obtained from every participant.

All patients underwent detailed general and neurological 
examinations. They were questioned about stroke risk 
factors including hypertension, diabetes, coronary artery 
disease, and heart failure. On admission, a complete 
blood count, routine blood biochemistries, hepatic and 

renal function tests, and blood electrolyte measurements 
were obtained. Epinephrine and norepinephrine levels 
were measured on the first, third and seventh day 
following the stroke event. Catecholamine levels were 
measured from plasma of venous samples obtained 
between 8:00 a.m. and 9:00 a.m. via high performance 
liquid chromatography  (HPLC)  (Shimadzu LC 10A). 
Serial 12‑lead ECG recordings with long DII derivations 
were obtained in addition to 24‑hour Holter monitoring. 
All patients received brain imaging via MRI.

Recordings were performed with 24‑hour Holter 
monitoring and analyzed with Delmar‑Impresario 
system and software  (Delmar‑Impresario Medical 
Systems, Irvine, California, USA). The analyzed data 
and standard measurement criteria were evaluated 
according to European Society of Cardiology 
guidelines.[9] HRV time‑domain and frequency‑domain 
analyses were performed to detect sympathetic and 
parasympathetic ANS influences on the cardiovascular 
system. HRV time‑domain parameters include mean 
normal‑to‑normal  (NN) intervals, standard deviation 
of all NN intervals (SDNN), standard deviation of the 
averages of NN intervals in all 5‑minute segments of the 
entire ECG recording (SDANN), the square root of the 
mean of the sum of the squares of differences between 
adjacent NN intervals  (RMSSD), number of pairs of 
adjacent NN intervals differing by more than 50 ms 
in the entire ECG recording (NN50), and NN50 count 
divided by the total number of all NN intervals (pNN50). 
Indexes  (RMSSD, pNN50) calculated based on the 
differences between NN intervals are short‑term 
measurements and reflect high‑frequency variations in 
heart rate. These are completely independent of diurnal 
or any other effects on heart rate and reflect variations 
in the ANS regulated via the vagal route.[10] Diurnal 
interaction is in question for the variables directly 
calculated from NN interval  (SDNN, SDANN, SDNN 
index) and contribution of short‑term changes in 
heart rate that occur due to respiration is little.[7] HRV 
frequency measurements include high frequency (HF), 
low frequency (LF), medium frequency (MF), very low 
frequency (VLF), and ultra‑low frequency (ULF). Among 
these frequency bands mostly LF, HF and the LF to HF 
ratio  (LF/HF) are used. An increase in HF indicates 
a parasympathetic effect, whereas an increase in LF 
indicates a sympathetic effect.[9] It has been demonstrated 
that time‑domain parameters and frequency‑domain 
parameters are strongly correlated with each other; LF, 
ranging from 0.04 to 0.15 Hz, was utilized to determine 
sympathetic and parasympathetic nervous system 
influences on HRV. HF, ranging from 0.15 to 0.4 Hz, only 
measured parasympathetic nervous system influences 
on HRV. VLF, ranging from 0.003 to 0.04 Hz, was also 



Akıl, et al.: Identifying autonomic nervous system dysregulation in acute cerebrovascular attack

Journal of Neurosciences in Rural Practice | April - June 2015 | Vol 6 | Issue 2	 147

assessed. The LF/HF ratio, which is an indirect index of 
the sympathetic nervous system impact on HRV, was 
calculated as well. For frequency analysis, 24‑hour as well 
as 5‑minute recordings were taken starting at 8:00 a.m.

Statistical analyses were performed using the Statistical 
Package for the Social Sciences (SPSS Inc., Chicago, IL, 
USA) version 11.5. Descriptive statistics were expressed as 
frequency tables and cross tables for categorical variables 
and as the mean and standard deviation for numerical 
variables. Chi‑squared test or Fisher’s exact test was used 
for analyzing categorical variables. Relationships between 
the variables were examined by calculating Pearson’s 
and Spearman’s correlation coefficient. Multiple group 
analyses were performed using the one‑way analysis 
of variance (ANOVA) test. A P value less than 0.05 was 
considered statistically significant.

Results

A total of 39 out of the 60 stoke patients were diagnosed 
with ischemic stroke, whereas 21  patients were 
diagnosed with hemorrhagic stroke. A lesion in the right 
middle cerebral artery  (MCA) territory was identified 
in 24 patients and a lesion localized in the left MCA 
territory was observed in 28 patients. Only eight patients 
had lesions in posterior cerebral artery (PCA) territory. 
The stroke patients and the healthy control group 
were similar with regard to age, gender, hypertension 
and smoking history, glucose level, and lipid profile. 
Mean blood pressure, pulse rate, urea, and creatinine 
levels were higher in stroke patients as compared to 
the control group (P < 0.005) [Table 1]. Norepinephrine 
levels measured on the first and third days following the 
stroke event were significantly higher in patients with 
right and left MCA territory lesions when contrasted 
with controls. Norepinephrine levels in patients with 
right MCA territory lesions were significantly greater 
than patients with PCA territory lesions  (P  <  0.001). 
No differences were found among all groups in terms 
of norepinephrine levels measured on the seventh 
day  (P  =  0.142). Epinephrine levels measured on the 
first, third and seventh days were significantly higher 
in stroke patients with right MCA territory lesions than 
in controls  (P  =  0.034, P  =  0.034, P  =  0.034)  [Table  2]. 
Among stroke patients, the most prominent HRVs 
were observed in patients with right MCA territory 
lesions. Five‑minute recordings at 8:00 a.m. and 24‑hour 
recordings on the first day following the stroke event 
demonstrated that VLF  (P  =  0.01), LF  (P  =  0.004) and 
LF/HF  (P  =  0.002) values were significantly higher in 
patients with right MCA territory lesions as compared 
to controls  (P  <  0.005). Although VLF, LF and LF/HF 

values were higher in patients with right MCA territory 
lesions, the difference was not significant when 
compared to patients with left MCA territory and PCA 
territory lesions. When comparing patients with the 
three different stroke localizations, it was determined 
that HF was most suppressed in patients with PCA 
territory lesions. However, no significant difference was 
detected between stroke patients and the control group 
in terms of HF values (P > 0.005) [Table 3]. Comparisons 
for time‑domain parameters between stoke patient and 
control groups revealed that SDNN values were lower 
in stroke patients than in the controls; however, there 

Table 1: Stroke patient and control demographics
Characteristics Stroke 

group, 
n=60

Control 
group, 
n=31

P value

Age, mean±SD* 64±12 64±6 0.502
Gender, n (%)

Male 33 (55.0) 16 (51.6) 0.759
Female 27 (45.0) 15 (48.4)

Hypertension, n (%) 33 (55.0) 13 (41.9) 0.183
Smoking, n (%) 21 (35.0) 11 (35.5) 0.727
Systolic blood pressure (mmHg) 161±31 135±22 <0.001
Diastolic blood pressure (mmHg) 97±21 85±14 0.001
Pulse rate (beats/minute) 84±15 77±10 0.029
Total cholesterol (mg/dL) 200±53 182±48 0.125
LDL cholesterol (mg/dL)* 131±44 125±47 0.443
HDL cholesterol (mg/dL)* 41±11 40±13 0.600
Triglycerides (mg/dL) 147±82 143±75 0.864
Glucose (mg/dL) 112±18 115±10 0.684
Urea (mg/dL) 35±12 28±7 0.002
Creatinine (mg/dL) 0.9±0.1 0.8±0.2 0.021
*Values are presented as the mean±standard deviation. P<0.05 are 
statistically significant, SD: Standard deviation, LDL: Low density lipoprotein, 
HDL: High-density lipoprotein

Table 2: Catecholamine levels in stroke patients 
according to the lesion site as compared with controls

Stroke patient lesion 
localization, n=60

Control 
group, 
n=31

P value

Right MCA 
territory, 

n=24

Left MCA 
territory 

n=28

PCA 
territory,  

n=8
Norepinephrine 
(pg/mL)

First day 405±131c,d 388±163d 270±92a 205±62a,b <0.001
Third day 424±365d 298±125d 266±115 205±62a,b <0.001
Seventh day 261±94 300±223 209±172 205±62 0.142

Epinephrine 
(pg/mL)

First day 33±46d 21±23 20±32 9±5a 0.034
Third day 26±27d 18±19 14±12 9±5a 0.034
Seventh day 21±21d 17±16 11±8 9±5a 0.003

Values are presented as the mean±standard deviation. P<0.05 are statistically 
significant, aStatistically significant difference between patients with right MCA 
territory lesions, bStatistically significant difference between patients with left MCA 
territory lesions, cStatistically significant difference between patients with PCA 
territory lesions, dStatistically significant difference between subjects in the control 
group. MCA: Middle cerebral artery, PCA: Posterior cerebral artery
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acute stroke patients.[10,12] Korpelainen et al.[13] reported 
reduced HRV due to the impact of left‑sided lesions 
localized in the insula in patients with acute left cerebral 
hemisphere strokes. Colivicchi et  al.[14] reported a 
decreased HRV and arrhythmias in stroke patients with 
right‑sided involvement of the insula and suggested 
that the presence of right‑sided insula involvement 
exerted an effect on increased early mortality. These 
studies demonstrated that sympathetic cardiovascular 
tone increases when the right insular cortex is 

were no significant differences in SDNN values between 
the different stroke localizations (P = 0.134). A significant 
decrease was observed in SDANN values in patients 
with right MCA territory and PCA territory lesions when 
compared with the control group (P < 0.001). RMSSD 
values were higher in all stroke patients than in controls, 
but the difference was significant only for patients 
with left MCA territory lesions (P = 0.041). Among all 
stroke patient groups, the highest increase in pNN50 
was observed in patients with right MCA territory 
lesions. This increase in pNN50 was significant when 
contrasted with the control group (P = 0.028) [Table 4]. 
There were no differences between the ischemic stroke 
and the hemorrhagic stroke groups in terms of VLF, 
LF and LF/HF values, serum level of norepinephrine 
and epinephrine. In all study participants, correlation 
analysis revealed a moderate correlation between LF/HF 
and the serum level of norepinephrine on the first 
days (r = 0.281, P = 0.007), as well as with the serum level 
of norepinephrine on third day (r = 0.289, P = 0.006). No 
correlation was found between LF/HF and epinephrine, 
as well as with the serum level of norepinephrine on 
seventh day (P > 0.005).

Discussion

In our study, we did not identify significant differences 
between acute stroke patients and controls in 
terms of SDNN and RMSSD, which are among the 
time‑domain recordings of HRV that indicate changes in 
parasympathetic activity. No differences were observed 
between stroke patients and controls in terms of HF 
values, which were among the frequency‑domain 
short‑ and long‑term recordings. However, decreases 
in SDANN and increases in pNN50, which are HRV 
time‑domain recordings indicating sympathetic 
changes, were observed in acute stroke patients when 
contrasted with controls. These findings along with an 
increase in LF demonstrated that acute stroke patients 
had greater levels of sympathetic activity, especially 
in patients with right MCA territory lesions. In acute 
stroke patients, an increase in the LF/HF ratio, which 
is an indicator of sympathetic‑parasympathetic tone 
balance, along with increases in plasma norepinephrine 
and epinephrine levels were observed. These findings 
were most prominent in stroke patients with right 
MCA territory lesions and revealed that autonomic 
dysfunction favored sympathetic activity. Acute 
stroke causes myocardial injury, electrocardiographic 
abnormalities, cardiac arrhythmias, and ultimately death 
if central autonomic control is severely impaired.[11] HRV 
assessment is the primary method for detecting cardiac 
autonomic dysfunction and for predicting prognosis in 

Table 4: Time‑domain heart rate variability in stroke 
patients according to lesion site as compared to the 
control group

Stroke patient lesion 
localization, n=60

Control 
group, 
n=31

P value

Right MCA 
territory, 

n=24

Left MCA 
territory, 

n=28

PCA 
territory, 

n=8
pNN50 (%) 17±18d 14±18 10±10 5±7a 0.028
SDNN (ms) 90±25 92±30 100±29 108±30 0.134
SDANN (ms) 74±31d 99±26 70±28d 111±18a,c <0.001
RMSSD 67±71 78±90d 102±116 36±16b 0.041
Values are presented as the mean±standard deviation. The following abbreviations 
are used: pNN50: Percentage of consecutive R‑R intervals differing by more than 
50 ms, SDNN: Standard deviation of consecutive normal R‑R intervals, SDANN: 
Standard deviation of the mean of 5‑minute 288 R‑R intervals, RMSSD: Square 
root of mean of the sum of the squares of differences between adjacent 5‑minute 
288 R‑R intervals. P<0.05 are statistically significant, aStatistically significant 
difference between patients with right MCA territory lesions, bStatistically significant 
difference between patients with left MCA territory lesions, cStatistically significant 
difference between patients with PCA territory lesions, dStatistically significant 
difference between subjects in the control group. MCA: Middle cerebral artery, 
PCA: Posterior cerebral artery

Table 3: Frequency‑domain heart rate variability 
parameters in stroke patients according to lesion site 
in comparison to controls

Stroke patient lesion 
localization, n=60

Control 
group, 
n=31

P value

Right MCA 
territory, 

n=24

Left MCA 
territory, 

n=28

PCA 
territory,  

n=8
5‑minute 
morning values

VLF 280±92d 247±59 239±56 196±75a 0.010
LF 190±72d 167±102 185±58d 129±35a,c 0.004
HF 93±88 112±103 117±125 94±52 0.608
LF/HF 2.5±1.0d 2.1±0.7d 2.1±0.8 1.6±0.4b,c 0.002

24‑hour values
VLF 287±92d 255±96 205±49 206±73a 0.002
LF 203±72d 173±49d 165±55 137±40a,b <0.001
HF 116±100 135±114 91±105 126±58 0.251
LF/HF 2.3±1.0d 2.0±1.1 1.7±1.0 1.6±0.8a 0.014

Values are presented as the mean±standard deviation. The following 
abbreviations are used: VLF: Very‑low frequency, LF: Low frequency, HF: High 
frequency. P<0.05 are statistically significant, aStatistically significant difference 
between patients with right MCA territory lesions, bStatistically significant 
difference between patients with left MCA territory lesions, cStatistically significant 
difference between patients with PCA territory lesions, dStatistically significant 
difference between subjects in the control group. MCA: Middle cerebral artery, 
PCA: Posterior cerebral artery
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stimulated, and parasympathetic activation occurs 
when the left insular cortex is stimulated.[15,16] Another 
study demonstrated an increase in arrhythmias such as 
premature ventricular contractions, supraventricular 
contractions, or supraventricular tachycardias together 
with a reduced SDNN which were observed in 
patients with a cerebral hemispheric stroke. However, 
such arrhythmias and decreased SDNN were more 
prominent in stroke patients with lesions in the 
right insular cortex.[17] In a study by Pandian et al.,[18] 
it was reported that sympathetic changes were 
predominant in a cohort of mild‑to‑moderate stroke 
patients as compared to healthy controls. Several 
other studies suggested that autonomic cardiovascular 
failure was observed in stroke cases resulting from 
parasympathetic dysfunction.[19‑22] In our study, cerebral 
stroke lesion localization was specified, but insular 
cortex involvement was not investigated. As such, we 
could not determine whether an abnormal HRV was 
attributed to a lesion in the insular cortex. We found that 
SDANN values, an indicator of sympathetic activity, 
decreased in 24‑hour HRV time‑domain analysis in 
patients with right MCA territory lesions. SDNN values, 
which are indicators of parasympathetic activity on the 
sinus node, demonstrated no significant differences 
between all groups.

A close association has been reported between 
plasma norepinephrine levels in acute stroke patients 
and increased peripheral sympathetic activity. 
Specifically, increases in norepinephrine levels suggest 
a pathological over‑activation of the ANS.[23] Moreover, 
associations between increases in serum troponin I 
and plasma epinephrine concentrations after acute 
ischemic stroke have been identified. This correlation 
suggests that increases in troponin I levels indicate 
sympathetic activation. Moreover, further evidence 
was found demonstrating that myocardial injury in 
acute stroke patients results from sympathetic nervous 
system activation.[24] In our study, troponin I and 
creatine kinase (CK)‑MB levels were not measured, but 
we assessed plasma norepinephrine and epinephrine 
levels that directly reflect ANS function. We found 
that catecholamine levels tend to be higher in acute 
stroke patients, which suggests that these patients 
have greater levels of sympathetic activity. In a study 
by Strittmatter et  al.,[25] cerebral hemisphere stroke 
lesions caused greater increases in norepinephrine 
level increments as compared to stroke patients with 
brainstem and cerebellum lesions. On the other hand, 
stroke patients with brainstem lesions had lower 
epinephrine levels than patients with right cerebral 
hemisphere lesions. Myers et  al.[26] reported higher 
norepinephrine in patients with brainstem infarctions 

than in patients with cerebral hemisphere infarctions. 
In a study by Orlandi et  al.,[27] they found that the 
imbalance between adrenergic and cholinergic systems 
favored an increase in sympathetic activity on the first 
day following the stroke event. Moreover, they reported 
that these changes substantially decreased on the third 
day after the stroke and over time the symptoms 
resolved. In our study, plasma norepinephrine 
levels were increased during the first and third days 
following the stroke event for all stroke patients as 
compared to healthy controls. Yet this increase in 
norepinephrine levels was greatest in stroke patients 
with right MCA territory lesions. On the seventh day, 
however, norepinephrine levels were slightly higher 
in stroke patients as compared to controls without 
statistical significance. We observed that plasma 
catecholamine levels were very high during the acute 
stroke period and then decreased over time. These 
results suggest that autonomic nervous dysfunction 
developed within the first days following the stroke. 
Cardio‑autonomic function is directly increased by 
an increase in sympathetic activity or a decrease in 
parasympathetic activity. It should be emphasized 
that sympathetic nervous system disinhibition due to 
acute stroke may lead to the development of cardiac 
complications.

Conclusion

In conclusion, among acute stroke patients, significant 
autonomic dysfunction was determined in patients 
with right MCA territory lesions. Decreases in 
SDANN and increases in pNN50 in HRV time‑domain 
analysis along with increases in LF and VLF in HRV 
frequency‑domain analysis all suggest cardiovascular 
autonomic dysfunction. Plasma norepinephrine and 
epinephrine levels, which are among the measurable 
biochemical parameters of autonomic function, were 
high during the early phases after the stroke event. 
Also, high levels of these catecholamines were most 
pronounced in patients with right MCA territory 
lesions. Together these findings suggest autonomic 
dysfunction in the form of increased sympathetic 
activity. In order to prevent complications such as 
arrhythmias and sudden death in stroke patients, close 
vitals monitoring and prompt treatment is necessary, 
particularly during the acute phase after the stroke. 
Rigorous heart monitoring and rapid treatment 
responses may favorably affect clinical prognosis. To 
better study ANS imbalances in the setting of acute 
stroke, we recommend that larger scale and long‑term 
prospective studies are performed to further assess 
these findings.
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Commentary

In this issue of Journal of Neurosciences and Rural Practice, 
Eşref Akıl and colleagues report the autonomic changes 
occurring in a scenario of acute cerebrovascular attack.[1] 
They studied the heart rate variability (HRV) parameters 
and catecholamine levels in 60 stroke patients and 31 
healthy controls. The patient groups had relatively 
equal number of patients with right middle cerebral 
artery  (MCA) and left MCA territory involvement. 
The authors have reported a significant increase in 
catecholamine levels in stroke patients compared 
to controls, especially in patients with right MCA 

territory lesions. There was a statistically significant 
increase in sympathetic tone when measuring HRV 
in patients with right MCA territory lesions when 
compared to controls. But there was no statistically 
significant difference in the HRV parameters among the 
patient groups. Furthermore, the authors have found a 
significant correlation between the catecholamine levels 
and the HRV parameters.[1] The current study brings 
out the subclinical autonomic dysfunction occurring 
in the mileu of damage to the central autonomic 
network (CAN), in particular the insular cortex.
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