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Objective : Rapid increase in intracranial pressure (ICP) can result in hypertension, bradycardia and apnea, referred to as the 
Cushing phenomenon. During decompressive craniectomy (DC), rapid ICP decreases can cause changes in mean atrial blood 
pressure (mABP) and heart rate (HR), which may be an indicator of intact autoregulation and vasomotor reflex.
Methods : A total of 82 patients who underwent DC due to traumatic brain injury (42 cases), hypertensive intracerebral hematoma 
(19 cases), or major infarction (21 cases) were included in this prospective study. Simultaneous ICP, mABP, and HR changes were 
monitored in one minute intervals during, prior to and 5–10 minutes following the DC.
Results : After DC, the ICP decreased from 38.1±16.3 mmHg to 9.5±14.2 mmHg (p<0.001) and the mABP decreased from 86.4±14.5 
mmHg to 72.5±11.4 mmHg (p<0.001). Conversly, overall HR was no significantly changed in HR, which was 100.1±19.7 rate/min prior 
to DC and 99.7±18.2 rate/min (p=0.848) after DC. Notably when the HR increased after DC, it correlated with a favorable outcome 
(p<0.001), however mortality was increased (p=0.032) when the HR decreased or remained unchanged. 
Conclusion : In this study, ICP was decreased in all patients after DC. Changes in HR were an indicator of preserved autoregulation 
and vasomotor reflex. The clinical outcome was improved in patients with increased HR after DC.
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INTRODUCTION

Despite highly developed medical and neurosurgical treat-

ments, the mortality and morbidity of patients with intracta-

ble increased intracranial pressure (ICP) remains challeng-

ing3,14,19,36,37). Prior studies have reported both benefits and 

limitations associated with decompressive craniectomy (DC) 

in patients with hypertensive intracerebral hemorrhage (H-

ICH)4,17), traumatic brain injury (TBI)3,14,24,36), and major in-

farction (MI)12,16,24,27,36,37). Often DC is the last choice of treat-

ment, though, it remains the most effective treatment for 

patients with uncontrollable brain swelling. The surgical pro-

cedures for DC include removing the bone over large areas of 

the calvarium, converting a “closed box” with a finite volume 

into an open one. It is a rapid and effective surgical method 

for uncontrollable increase in ICP. After DC, surgery the ICP 
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will be decreased, and cerebral perfusion pressure can be im-

proved to an adequate level. Moreover, DC will allow an 

edematous brain to herniate through the craniectomy open-

ing rather than through the tentorial incisura, thereby avoid-

ing brain stem compression5,36,37).

Rapidly increasing ICP can trigger the Cushing reflex which 

cause hypertension, bradycardia, and respiratory irregulari-

ties, all of which are signs of subsequent brain herniation and 

death1,6,11,18,31,38). In situations where there is acute elevation of 

ICP, the Cushing ref lex occurs. Decreasing the ICP may be 

critical to improving clinical outcomes and saving the patient’s 

life. Several pathophysiological studies refined Cushing’s find-

ings by showing an initial tachycardia associated with hyper-

tension followed by bradycardia. The initial hypertensive and 

tachycardia symptoms were due to the elevated activity of the 

sympathetic nervous system and late bradycardia was mediat-

ed by parasympathetic nerve activation1,6,7,10,11,20-23,29,31).

In the current study,  it was hypothesized that the Cushing’s 

ref lex could be an indicator of intact autoregulation. Under 

this hypothesis, increased heart rate (HR) compensated for 

decreased mean atrial blood pressure (mABP) following DC 

may ref lect an intact vasomotor ref lex. Patients with intact 

autoregulation and vasomotor reflex showed more favorable 

outcomes compared to patients without these reflexes1,23).

The current results indicate that the mABP was generally 

decreased during DC, while the ICP decreased rapidly. Thus, 

changes in the HR were also investigated. If autoregulation 

and the vasomotor response were intact, the mABP decrease 

might inf luence the HR to preserve cerebral perfusion. Pa-

tients with intact autoregulation and vasomotor responses, 

may have better clinical outcomes than patients without intact 

responses.

MATERIALS AND METHODS

This prospective, observational study was approved by the 

Institutional Review Board of Eunpyeong St. Mary's Hospital. 

The treatment protocol (Fig. 1) was also approved by the Insti-

tutional Review Board of Eunpyeong St. Mary's Hospital 

(PC17RESI0027). All patients or their representatives provided 

written consent to treatment.

Patient selection
Eighty-two patients with massive brain swelling due to TBI 

(42 cases), H-ICH (19 cases) or MI (21 cases), that were treated 

by DC with dura expansion between January 2017 and June 

2020, were included in the current study. Patients were suc-

cessfully monitored for ventricular ICP, mABP, and HR 

changes before and after the DC (Table 1). This study included 

82 patients. There were 59 males and 23 females with a mean 

age of 49.7±156.4 years (range, 8–77; median age, 53 years). 

Fig. 1. Flow sheet of treatment protocol. TBI : traumatic brain injury, H-ICH : hypertensive intracerebral hemorrhage, MI : major infarction, iGCS : initial 
Glasgow coma scale, IICP : increased intracranial pressure, CT : computed tomography, DC : decompressive craniectomy.

Massive brain swelling
(Total, 82; TBI, 42; H-ICH, 19; MI, 21)

iGCS >8 and 
(-) IICP sign on brain CT

Standard care 
: Head up position 
: Analgesia & sedation 
: Ventilation 
: Osmotics & diuretics 
: Fever control

Additional metabolic treatment 
: Hypothermia (32–34°C) 
: Barbiturate coma 
: If needed DC on opposite side

iGCS ≤8 and/or 
(+) IICP sign on brain CT

Indication for DC 
: Space occupying lesion ≥30 mL 
: Midline shift ≥6 mm 
: Obliteration of cistern structures

Continued standard care 
+/- Ventriculostomy drain

ICP >25 mmHg 
Sustained 1–2 hours

ICP >25 mmHg 
Sustained 1–2 hours

ICP >15 mmHg
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Standard management was performed including computed 

tomography (CT) scan as rapidly as possible when neurologi-

cal deterioration was apparent. ICP was monitored during the 

DC surgery, 58 patients were monitored with a CPP-monitor-

ing device (CPP-monitor; Spiegelberg, Hamburg, Germany) 

and the remaining 24 with a Philips patient monitor (Intelli-

Vue MX700; Phillips Medizin Systeme Boeblingen GmbH, 

Böblingen, Germany). 

Indications for surgery and postoperative man-
agement

Indications for DC were the appearance of massive uni- or 

bilateral brain swelling on CT scans, with correlating clinical 

deterioration; worsening of Glasgow coma scale (GCS) less 

than 8–9 and/or dilation of the pupils unresponsive to light; a 

midline shift of more than 6 mm; and/or obliteration of the 

perimesencephalic cistern on CT scans. None of the patients 

Table 1. Characteristics and clinical outcomes of the 82 patients treated with DC 

Etiology
Total cases p-value*

TBI H-ICH MI

Patient 42 19 21 82

Age (years)

Mean±SD 48.3±19.1 50.2±11.8 52.2±14.3 49.7±16.4 TBI vs. H-ICH (p =0.015)

Median 46 55 55 53

Range 8–77 25–65 25–76 8–77

Male sex 37 (88.1) 11 (57.9) 11 (52.4) 59 (72.0)

GCS score

Mean±SD 5.5±2.0 5.8±1.9 6.0±1.8 5.7±1.9

Median 5 6 6 5

Range 3–10 3–9 4–10 3–10

Initial ICP 32.8±12.7 44.6±16.2 42.2±19.0 38.1±16.0 TBI vs. MI (p =0.027)

Post DC ICP 10.4±19.9 7.4±4.4 10.1±4.7 9.5±14.1

ICP difference 22.3±19.5 37.2±16.1 32.1±19.2 28.7±19.4

Initial mABP 83.1±11.9 91.7±16.3 88.0±16.3 86.4±14.5

Post DC mABP 70.5±11.7 75.9±10.5 73.5±11.2 72.5±14.5

mABP difference 12.5±11.2 15.8±14.5 14.5±17.3 13.8±13.6

Initial HR 101.6±18.2 97.1±20.4 99.8±22.6 100.1±19.7

Post DC HR 102.1±20.1 96.6±15.3 97.7±16.8 99.7±18.2

HR difference 0.5±17.1 -0.5±20.0 -2.1±15.0 -0.4±17.2

Clinical outcomes

GOS

5 17 7 4 28

4 4 2 2 8

Favorable 21 (50.0) 9 (47.4) 6 (28.6) 36 (43.9) 0.005, TBI vs. MI

3 1 2 2 5

2 16 2 2 20

1 Death 4 (9.5) 6 (31.6) 11 (52.4) 21 (25.6)

Median 2 3 6 3

Values are presented as mean±standard deviation or number (%). *Fisher’s exact test. SD : standard deviation, DC : decompressive craniectomy, TBI : traumatic 
brain injury, H-ICH : hypertensive intracerebral hemorrhage, MI : major infarction, GCS : Glasgow coma scale, ICP : intracranial pressure, mABP : mean 
arterial pressure, HR : heart rate, GOS : Glasgow outcome scale
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displayed Cushing’s phenomenon corresponding to increased 

ICP were apparent. Initial ICP monitored after ventricular 

puncture was high. Patients with primary fatal brainstem fail-

ure, indicated by no spontaneous respiration and a persistent 

GCS score of 3 and/or bilaterally fixed and dilated pupils, did 

not undergo surgical decompression. Surgical methods (uni-

lateral or bilateral hemicraniectomy) and DC bone size were 

decided by the operating surgeon. After DC, conventional 

medical managements, including hyperosmotic agents, hy-

perventilation, and extraventricular drainage (EVD), were ini-

tiated if the ventricular pressure exceeded 20 mmHg (Fig. 1).

Anesthesia and surgical procedures
All patients were operated on under endotracheal general 

anesthesia in the supine position. Upon arrival in the operat-

ing room, the patient was connected to standard monitoring 

devices.

Bispectral index (BIS) electrode was positioned on the pa-

tient’s mandible, contralateral to the lesion. Propofol and 

remifentanyl infusion rate was targeted to keep BIS values be-

tween 40 and 60. A radial arterial catheter was inserted for the 

continuous monitoring of arterial blood pressure. Anesthesia 

was induced and maintained with propofol, remifentanil and 

cisatracurium. Blood pressure was managed by a bolus or 

continuous infusion of norepinephrine or phenylephrin, as 

appropriate.

In all patients, ventricular puncture was performed before 

DC and ICP was monitored during and after the surgery. The 

EVD tube (EVD catheter; Yushin Medical, Seoul, Korea) was 

connected to a continuous monitor (CPP-monitor; Spiegel-

berg, Hamburg, Germany or IntelliVue MX700; Philips Med-

izin Systeme Boehblingen GmbH, Böblingen, Germany) via a 

transducer device (Druckmeß-set; Smiths Industries, Grasb-

runn, Germany or Pressure Monitoring Set; Edward Life-

sciences, Irvine, CA, USA). A large inverted question mark 

shaped or bicoronal skin flap was used. The limbs were placed 

just behind the parietal eminence, extending inferiorly to the 

zygoma and curving anteriorly to the mid-line. The reference 

points for the bone flaps were : 1) the burr holes in the pterion 

of frontal bone; 2) the burr holes at the parietal eminences; 

and 3) the burr holes in the squamous portions. After the ven-

tricular ICP was stabilized, the burr holes were connected us-

ing a pneumatic saw, with subsequent removal of the bone 

flap. The removed bone size was at least 12×15 cm. The frontal 

median segment of the bone, which was measured approxi-

mately 3 to 4 cm in width along the sagittal sinus, was saved to 

avoid damage to the sagittal sinus and to function as a frame-

work for later cranioplasty. An additional bone was removed 

at the temporal region to the floor of the middle fossa. Imme-

diately after the craniectomy, the dura was opened, within 

5–10 minutes. Cortical resection of the brain was not per-

formed. In all patient, artificial dura (Lyoplant; B. Braun Mel-

sungenAG, Melsungen, Germany) was placed underneath the 

incised dura, and secured with several sutures, to allow the 

brain to herniate outward in a more controlled manner, and 

to prevent cortical adhesion. Several pieces of Gelform (Gel-

foam Sponge; ACE Surgical Supply, Brockton, MA, USA) were 

inserted to control postoperative epidural bleeding, and pre-

serve the dissection plane, after cranioplasty. The temporalis 

muscle and skin flap were reapproximated with sutures19). In 

general situation, during DC, expected blood loss was from 

about 250 to 500 mL. The blood loss could be somewhat vari-

able according to the patients but it was not definitely influent 

on the vital sign changes. Typically, the bone flap was main-

tained in wet gauze at -70°C until reinsertion, at 6 or 8 weeks 

after the initial surgery. If the autologous bone was not appro-

priate for reinsertion, the bone fragment for cranioplasty was 

made using a 3D printer.

Data collection
The initial ICP checked after ventricular tapping was con-

sidered to be the highest sustained ventricular pressure. The 

ventricular pressure obtained after craniectomy and dura 

opening was considered the DC state ICP and dura opening 

state ICP, respectively. The ventricular pressure was continu-

ously monitored during the operation. The ICP, mABP and 

HR changes were monitored every minute, and the data just 

prior the DC and the most extreme values measured within 10 

minutes after the DC were compared. The HR increase or un-

changed vs. decrease before and after DC (Table 2). Clinical 

outcomes were analyzed by Glasgow outcome scale (GOS) 

score after 6 months after DC. And GOS 5–4 was defined as 

favorable outcome, GOS 3–2 was defined as a poor outcome 

and GOS score of 1 was defined as death.

Statistical analysis
All data were presented as the mean±standard deviation 

(median value). Comparisons between the data collected be-
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fore and after surgery were performed using the two-tailed, 

paired Student’s t-test. Differences between categories were 

compared using a Fisher’s exact t-test. Statistical significance 

set at a value of p<0.05. For statistical analysis of the data, non-

parametric correlations were determined using SPSS ver. 11.0 

(SPSS Inc., Chicago, IL, USA).

RESULTS

ICP changes during DC surgery 
Before and after DC, the ICP decreased from 38.1±16.3 

mmHg to 9.5±14.2 mmHg (p<0.001, Table 1). In all patients, 

the ICP decreased after DC surgery, and the degree of ICP de-

crease was correlated with neurologic outcomes (p=0.013).

mABP changes during DC surgery
On average, the mABP decreased from 86.4±14.5 mmHg to 

72.5±11.4 mmHg (p<0.001). In most patients, the mABP was 

decreased after DC surgery with the exception of eight pa-

tients, where the mABP increased after DC surgery. The 

mABP changes, before and after DC, were not correlated with 

clinical outcomes (favorable outcome, p=0.200; mortality, 

p=0.466).

HR changes during the DC surgery
The mean HR decreased from 100.1±19.7 rate/min to 

99.7±18.2 rate/min (p=0.848) during DC surgery. In 34 pa-

tients, the HR was increased, 23 of the 34 patients displayed 

favorable outcomes. In the remaining 48 patients, the HR was 

decreased or unchanged, and 18 of those patients were dead. 

Increased HR after DC was significantly correlated with fa-

vorable outcomes (p<0.001). While decreased HR after DC 

was correlated with mortality (p=0.032, Table 2).

Comparisons of statistical results according to 
the data after DC

In most patients, systolic blood pressure was decreased by 

approximately 15 mmHg. In some patients, the systolic blood 

pressure after DC was decreased to below 60 mmHg. In these 

cases, the anesthesiologist typically administered a bolus or 

continuous infusion of an inotropic agent (norepinephrine or 

epinephrine). The anesthetic interventions affected mABP 

and HR approximately about 5–10 minutes after administra-

tion. Data collected during a wide time interval (approximate-

ly 30 minute before and after DC), showed quite different val-

ues compared with the data with a short range of time interval 

(data collected before and within 5 minutes after DC) (Fig. 2).

Statistical results of data collected over a wide time interval 

of about 30 minutes showed no significant difference in favor-

able outcomes (p=0.199) or mortality (p=0.243) (data not 

shown), but the results of data collected over a short time in-

terval of about 5–10 minutes were significantly correlated 

with clinical outcomes. When the HR increased after DC, 

Table 2. Clinical outcomes according to the HR change

Outcome

Favorable (GOS=5–4; n=36) Poor (GOS=3–2; n=25) Dead (GOS=1; n=21) Total (n=82)

HR ≈ or ↓ 13 17 18 48

HR  ↑ 23 8 3 34

p -value* 0.001 0.032

*Fisher’s exact test. HR : heart rate, GOS : Glasgow outcome scale

Fig. 2. Demonstration of ICP, mABP, and HR changes during the decom-
pressive craniectomy surgery. HR : heart rate, mABP : mean arterial blood 
pressure, ICP : intracranial pressure.
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there were significant correlations with favorable outcomes 

(p<0.001), whereas if HR was unchanged or decreased after 

DC, significantly with mortality (p=0.032, Table 2).

DISCUSSION

Elevated ICP has been found to correlate with adverse out-

comes from massive brain swelling. Therefore, accurate 

knowledge and proper management of ICP are important 

tools in improving outcomes in patients with massive brain 

swelling. Many attempts have been made to control massive 

brain swelling using various medical and surgical treatment 

modalities, each associated with moderate success13,15,37). Over 

the past several decades, many studies have shown that DC is 

an effective treatment strategy in patients with intractable in-

creased ICP caused by a variety of neurosurgical diseas-

es3,4,8,12,14,16,17,24,27,28,32,33,35-37).

Hypertension, bradycardia, and respiratory irregularities 

are the signs of critically increased ICP, which may predict im-

pending brain herniation and death. It is better known as the 

Cushing reflex, the Cushing reaction, the Cushing phenome-

non, the Cushing response, and Cushing’s law1,6,11,18,31,38).

Several animal, pathophysiological and clinical observa-

tional studies have reported elevated blood pressure in sub-

jects with severely increased ICP. This increase can result from 

an autoregulation response to maintain cerebral perfusion 

pressure and cerebral blood flow1,6,10,11,18,20-22,29,31), which may be 

associated with paroxysmal sympathetic hyperactivi-

ty7,10,18,21-23,25). The respiratory irregularity, characterized by 

Harvey Cushing, is believed to be a phenomenon caused by 

tonsillar herniation1,6,11,31), which is better known as the Cush-

ing ref lex, the Cushing reaction, the Cushing phenomenon, 

the Cushing response, and Cushing’s law1,6,11,18,31,38).

Since the brain is encased in the unyielding vault of the 

skull, and the brain injury which causes edema and incereased 

blood flow results in elevated ICP30). DC surgery is performed 

to increase the volume of the space available for expanding 

edematous brain tissue, inducing a shift to the right of the 

pressure volume curve9,15,24). This results in effectively lower-

ing of the increased ICP, improving cerebral oxygenation and 

preventing secondary brain damage1,12,15,26,34,37).

In the current study, it was hypothesized that the Cushing's 

ref lex could be an indicator of intact autoregulation. Under 

this hypothesis, HR compensated for decreased mABP fol-

lowing DC may ref lect an intact vasomotor ref lex. During 

clinical observation, the initial mABP was not high as we ex-

pected in a patient meeting the critieria for the Cushing phe-

nomenon state where the increased ICP could change the 

mABP and HR.

It is possible that general anesthesia influences the mABP in 

increased ICP patients. Patients with intact autoregulation 

showed more favorable outcomes compared to patients with-

out it1,23). Once the ICP dropped after DC, the mABP also de-

creased as the intact autoregulation maintained the cerebral 

perfusion pressure. The mABP then decreased suddenly and 

the HR increased as a reflex of the vasomotor response. This 

phenomenon appears to be the reverse phenomenon of the 

Cushing reflex23).

A previous study that monitored hemodynamic changes 

during DC in patients with TBI under general anesthesia 

found that HR was not changed before and after DC and au-

thors hypothesized that this unchanged HR may have been 

the result of the data acquisition time, as data were collected 

before the skin incision and after the hematoma removal2). 

The prior study compared data obtained over a wide range of 

time before and after DC, however in the current study the 

data were acquired in a short time range just before and with-

in 5–10 minutes after the DC. This short acquisition time in-

terval was less influenced by the anesthesia that affected the 

patient’s vital signs. If the patient’s mABP dropped after DC, 

the anesthesiologist immediately infused inotropic agents to 

maintain a stable mABP. Most of the medications given by the 

anesthesiologist during the operation exerted their pharmaco-

logic effects within several minutes after administration.

In the current study results indicate that the ICP was de-

creased in all patients and the mABP was decreased in most 

patients after the DC procedure. However, the HR change was 

variable among patients, and correlated with clinical out-

comes. In patients where the HR decreased after DC surgery, 

mortality was significantly increased. Conversely, in patients 

where the HR increased, the chance of a favorable outcome 

increased as well. A large study using a greater number of pa-

tients is needed to determine the robustness and clinical use-

fulness of this response. Most DC procedures are conducted 

on critical patients where the anesthetic medications that are 

used can influence the vital signs.

There were limitations to this study. First, though this was a 
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prospective study, but the population may be a homogeneous 

sample as it was performed in one institution. Second, there 

was no fixed protocol for anesthesia during DC surgery, there-

fore the administration of vasoactive medications was not 

done in a controlled manner, possibly causing bias in statisti-

cal analysis. Third, at the beginning of this study, data collec-

tion was done by two monitors, one for ICP monitoring de-

vice and the other for vital signs monitoring anesthetic 

machine. Merging data from these two different sources and 

basing the time measurements on each monitor may have 

caused bias as well.

CONCLUSION

ICP and mABP were decreased in most patients after DC, 

however the HR changes were variable. The DC procedure 

was performed in acute critical patients with highly elevated 

ICP, which was not a result of the Cushing phenomenon. If 

the HR decreased during DC, the probability of mortality was 

increased. When HR increased, the probability of a favorable 

outcome increased. These results suggest that the clinical out-

comes differ based on HR changes after DC which may be the 

result of an intact autoregulation and vasomotor reflex.
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