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 Introduction

Hyperthermia (an increased temperature of the “body core” 
above 38.30  °C) is considered a risk factor for secondary 
brain damage, regardless of the etiology of the primary dam-
age (cerebral ischemia, traumatic brain injury, subarachnoid 
hemorrhage, etc.) [1–5]. The frequency of hyperthermia in 
neurointensive care units varies from 30% to 60% [3–8] and 
is associated with a prolonged duration of hospitalization, 
adverse outcomes, and high mortality [4, 5, 8–10].

The existing temperature gradient between the “core” of 
the body and the brain [11] explains the importance of direct 
measurement of cerebral temperature in patients with acute 
cerebral damage, and it is recommended to measure the tem-
perature in the bladder or esophagus [4] for early diagnosis 
of hyperthermia [12].

The aim of this study was to estimate the effects of hyper-
thermia on intracranial pressure (ICP) dynamics and ICP 
dependence on cerebral autoregulation (CA), measured by 
the pressure reactivity index (PRx).

 Materials and Methods

The study used data from multimodal monitoring of eight 
patients with acute brain injuries of various etiologies: three 
patients with a severe traumatic brain injury (TBI), three patients 
with a subarachnoid hemorrhage (SAH) due to rupture of a cere-
bral aneurysm (Hunt and Hess grade 3, Fisher grade 3), one 

patient with a gunshot wound to the head, and one patient who 
had undergone resection of a metastasis in the cerebral hemi-
sphere. The average age of the patients was 53 (range 18–72) 
years. Six of the eight patients were female.

All patients were admitted to the neurointensive care unit 
1 day (range 0–5 days) after the insult and had negative neu-
rological status dynamics, cerebral edema, and signs of 
intracranial hypertension according to computed tomogra-
phy (CT). The patients were treated with a standard local 
protocol, including mechanical ventilation and monitoring 
of ICP, cerebral perfusion pressure (CPP), and PRx.

ICP measurement was provided by a Neurovent-P-Temp 
sensor (Raumedic, Helmbrechts, Germany) combined with a 
temperature probe. The intraparenchymal sensor was 
installed at a depth of 2–2.5 cm at Kocher’s point. Invasive 
arterial blood pressure monitoring was performed by a radial 
artery cannula. CPP was considered as the difference 
between the average blood pressure and the average ICP. All 
patients were monitored for partial expiratory CO2 pressure 
(EtCO2) by a mainstream CO2 sensor (Philips Healthcare, 
Andover, MA, USA). The core body temperature was mea-
sured in the bladder by a Foley catheter combined with a 
thermistor (Smith Medical ASD, Dublin, OH, USA). 
Hyperthermia was defined as an increase in brain tempera-
ture above 38.3 °C.

All parameters were displayed on a Philips MP40 moni-
tor. PRx was calculated by ICM+ software (Cambridge, 
UK). PRx is a linear correlation coefficient between 40 con-
secutive averaged measurements of mean arterial pressure 
and mean intracranial pressure with 5-s increments. PRx val-
ues <0 were considered to signify intact autoregulation, 
while PRx values ≥0 signified loss of autoregulation.

Statistica version 10.0 software (StatSoft, Tulsa, OK, 
USA) was used for statistical data analysis of parametric and 
nonparametric criteria. The median values and quartiles of 
each of the analyzed parameters were used because of the 
abnormal distribution of the variables.
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 Results

Thirty-three episodes of an increase in cerebral temperature 
from 37.8 [quartiles 37.6–38] to 38.9 [quartiles 38.3–39.6] 
°C were detected. The cerebral temperature delta as a differ-
ence between median cerebral temperature before and dur-
ing hyperthermia(max − min) was 1.2 [quartiles 0.5–2.6] °C.

Analysis of monitored parameters during development of 
cerebral hyperthermia (blood pressure, CPP, ICP, PRx, 
EtCO2, and heart rate) revealed a significant change only in 
ICP, which increased by 6 [quartiles 3–11] mmHg (p < 0.01). 
The Spearman’s rank correlation coefficient between brain 
temperature and ICP was 0.11 (t(N − 2), p < 0.01).

The dependence of ICP dynamics on the initial value is 
shown in Table 1.

Before development of hyperthermia, ICP was within 
normal ranges in 25 observations (76%), with a median value 
of 11 [8–16] mmHg, while in eight observations (24%), ICP 
was moderately elevated, with a median value of 23 [22–25] 
mmHg (Table 1). During progression of hyperthermia, ele-
vated ICP was found in 13 instances (52%) where it was ini-
tially normal, with a median value of 24 [22–28] mmHg, 
while further progression of intracranial hypertension 
occurred in all eight instances (100%) where ICP was ini-
tially elevated (Table 1), and the ICP value increased signifi-
cantly to 31 [27–32] mmHg (p < 0.01).

According to the PRx, CA was intact in 17 observations (52%) 
and impaired in 16 (48%) (Table  2). CA became impaired in 
almost half (47%) of the instances where it was initially intact, 
whereas it recovered in half (50%) of the  instances where it was 
initially impaired (Table 2). Thus, the total numbers of observa-

tions with intact and impaired CA remained the same (17 (52%) 
and 16 (48%), respectively, p > 0.05)).

Analysis of ICP dependence on the initial CA state during 
hyperthermia revealed that the number of episodes of elevated 
ICP increased by 41% in instances where CA was initially 
intact but ICP was above 20 mmHg and by 38% in instances 
where it was initially impaired and ICP was above 20 mmHg 
(p > 0.05) (Table 3). Thus, an increase in ICP during hyper-
thermia occurred both in instances with intact CA and in 
instances with impaired CA.

 Discussion

The existing literature data describing the effects of hyper-
thermia on ICP are controversial. Some researchers believe 
there is a direct linear relationship between the brain tem-
perature and ICP, and that development of hyperthermia is 
thus accompanied by an increase in ICP and progression of 
brain edema [13–15]. Other researchers believe there is no 
correlation between the brain temperature and ICP [12].

In our study, we did not attempt to analyze the correlation 
between cerebral temperature and ICP for the entire monitor-
ing period; however, their correlation during hyperthermia 
was analyzed. We compared the monitoring parameter val-
ues prior to hyperthermia with those during hyperthermia. 
According to our data, ICP parameters changed significantly 
only with development of cerebral hyperthermia above 
38.3 °C. Changes in parameters such as the blood pressure, 
CPP, EtCO2, heart rate, and PRx were bidirectional and non-
significant, whereas the ICP value increased significantly 
during hyperthermia by 6 [quartiles 3–11] mmHg (p < 0.05).

Cerebral temperature measurement is considered a more 
accurate method for temperature monitoring in patients with 

Table 1 Dynamics of intracranial pressure (ICP) during development 
of cerebral hyperthermia, depending on the initial ICP
N = 33 observations (100%)
Median 14 [10–20] mmHg

ICP1 ≤ 20 mmHg: N = 25 (76%)
Median 11 [8–16] mmHg

ICP1 > 20 mmHg: 
N = 8 (24%)
Median 23 [22–25] 
mmHg

ICP2 ≤ 20 mmHg: 
N = 12 (48%)
Median 13 [10–16] 
mmHg

ICP2 > 20 mmHg: 
N = 13 (52%)
Median 24 [22–28] 
mmHg

ICP2 > 20 mmHg: 
N = 8 (100%)
Median 31 [27–32] 
mmHg

The values shown in square brackets are quartiles ranges
ICP1 intracranial pressure before hyperthermia, ICP2 intracranial pres-
sure during hyperthermia, N number of observations

Table 2 Dynamics of autoregulation (as shown by the pressure reac-
tivity index (PRx)) during development of cerebral hyperthermia
N = 33 observations (100%)
Median − 0.01 [range quartiles −0.15 to 0.09]
PRx1 < 0: N = 17 (52%) PRx1 ≥ 0: N = 16 (48%)

PRx2 < 0: 
N = 9 (53%)

PRx2 ≥ 0: 
N = 8 (47%)

PRx2 < 0: 
N = 8 (50%)

PRx2 ≥ 0: 
N = 8 (50%)

N number of observations, PRx  <  0 intact autoregulation, PRx ≥  0 
impaired autoregulation, PRx1 pressure reactivity index before hyper-
thermia, PRx2 pressure reactivity index during hyperthermia. The val-
ues shown in square brackets are quartiles

Table 3 Dynamics of intracranial pressure (ICP) during development of cerebral hyperthermia, depending on the initial autoregulation status (as 
shown by the pressure reactivity index (PRx)) and the initial ICP
N = 33 observations (100%)

Intact autoregulation, PRx < 0: N = 17 Impaired autoregulation, PRx ≥ 0: N = 16
ICP1 < 20 mmHg: N = 14 (82%) ICP1 ≥ 20 mmHg: N = 3 (18%) ICP1 < 20 mmHg: N = 11 (69%) ICP1 ≥ 20 mmHg: N = 5 (31%)

ICP2 < 20 mmHg: N = 7 (41%) ICP2 ≥ 20 mmHg: N = 10 (59%) ICP2 < 20 mmHg: N = 5 (31%) ICP2 ≥ 20 mmHg: N = 11 (69%)

ICP1 intracranial pressure before hyperthermia, ICP2 intracranial pressure during hyperthermia, N number of observations

A. Oshorov et al.
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acute cerebral pathology, since cerebral hyperthermia is 
associated with secondary brain damage [16, 17].

The detrimental effects of hyperthermia could be 
explained by increases in the release of glutamate (excitotox-
icity) [18], free radicals, and products of lipid peroxidation 
[19]; blood–brain barrier permeability; the severity of brain 
edema [20]; and protein degradation [21].

Development of secondary brain damage during hyper-
thermia can be assessed using the dynamics of the neurologi-
cal status, changes in neuromonitoring parameters (such as 
ICP), and cerebral temperature monitoring, which directly 
indicates the probability of secondary brain damage [11, 12, 
14–17].

In our study, we decided to diagnose hyperthermia by 
measuring the cerebral temperature, thus minimizing any 
controversy that could arise from the temperature gradient 
between the brain and the “core” [11, 12, 15]. In this chapter, 
we do not discuss the difference between hyperthermia and 
fever, because that was not the purpose of our study. It should 
be noted that we defined hyperthermia as an increase in cere-
bral temperature above 38.3 °C.

All patients included in the analysis had signs of cerebral 
edema on CT scanning, and in 24% of instances, ICP was 
already increased ICP (Table 1). These two facts may explain 
the increase in ICP due to the development of hyperthermia. 
In addition, in almost half of all instances (48%), CA was 
impaired according to the PRx (Table 2).

We excluded the increase in blood carbon dioxide (CO2) 
stress because we did not observe a significant increase in 
EtCO2 in the presence of hyperthermia. In our work, we did 
not evaluate brain metabolism, but it is known from the lit-
erature that hyperthermia leads to increases in brain metabo-
lism and brain tissue oxygen consumption, which, through 
perfusion–metabolic coupling, cause a rise in the cerebral 
blood volume and, as a consequence, ICP elevation [13, 22].

Thus, analysis of the monitored parameters revealed that 
development of cerebral hyperthermia was accompanied by 
significant changes only in ICP.  CA impairment during 
hyperthermia was observed in 47% of instances where it was 
initially intact and in 50% of those where it was initially 
impaired. A possible explanation for the autoregulatory 
response recovery phenomenon is increases in arterial blood 
pressure and CPP.

 Conclusion

In this study, cerebral hyperthermia was associated with 
development of intracranial hypertension in 52% of instances 
where ICP was initially normal and further progression of 
intracranial hypertension in all instances where ICP was ini-
tially elevated. The cerebral hyperthermia–associated 

increase in ICP was not associated with impaired cerebral 
autoregulation.
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