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Brain temperature regulation
in poor-grade subarachnoid
hemorrhage patients –
A multimodal neuromonitoring study
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Abstract

Elevated body temperature (Tcore) is associated with poor outcome after subarachnoid hemorrhage (SAH). Brain

temperature (Tbrain) is usually higher than Tcore. However, the implication of this difference (Tdelta) remains unclear.

We aimed to study factors associated with higher Tdelta and its association with outcome. We included 46 SAH patients

undergoing multimodal neuromonitoring, for a total of 7879 h of averaged data of Tcore, Tbrain, cerebral blood flow,

cerebral perfusion pressure, intracranial pressure and cerebral metabolism (CMD). Three-months good functional

outcome was defined as modified Rankin Scale �2. Tbrain was tightly correlated with Tcore (r¼ 0.948, p< 0.01), and

was higher in 73.7% of neuromonitoring time (Tdelta þ0.18�C, IQR �0.01 – 0.37�C). A higher Tdelta was associated with

better metabolic state, indicated by lower CMD-glutamate (p¼ 0.003) and CMD-lactate (p< 0.001), and lower risk of

mitochondrial dysfunction (MD) (OR¼ 0.2, p< 0.001). During MD, Tdelta was significantly lower (0
�C, IQR �0.2 – 0.1;

p< 0.001). A higher Tdelta was associated with improved outcome (OR¼ 7.7, p¼ 0.002). Our study suggests that Tbrain

is associated with brain metabolic activity and exceeds Tcore when mitochondrial function is preserved. Further studies

are needed to understand how Tdelta may serve as a surrogate marker for brain function and predict clinical course and

outcome after SAH.
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Introduction

Fever is a common complication after acute brain

injury affecting up to 40% of patients suffering from

spontaneous subarachnoid haemorrhage (SAH)

already within the first 48 h. Early development of

fever is commonly referred to as non-infectious fever,

whereas the majority of SAH patients develop fever

during hospitalization (up to 72%) which represents

both neurogenic and infectious fever.1,2 Recent data

suggest that fever is associated with more complica-

tions during hospitalization, including a higher rate

of delayed cerebral ischemia (DCI), leading to poor

long-term functional outcome after SAH.3–5

Although guideline recommendations are not very

precise on targeting normothermia in neurocritical

care patients, most intensivists have adapted a protocol
for aggressive fever management in their intensive
care units (ICUs) which is supported by expert
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recommendations.1,6,7 The targeted temperature is
thoroughly referenced on the body core temperature
(Tcore), although it is well known that brain tempera-
ture (Tbrain) may differ by up to 2.5�C after brain
injury.8–15 Expert clinical scientists recommended that
direct measurement of Tbrain should be performed in
neurocritical care patients, as none of the body temper-
ature sites can adequately serve as a surrogate for
Tbrain.

16 Little is known on how Tbrain is regulated
after acute brain injury in humans. Previous animal
and human studies suggested that Tbrain is usually
higher but strongly correlated with Tcore and is linked
to metabolic activity and changes in cerebral blood
flow.8,14,17–19 Furthermore, a temperature gradient
may exist between different brain regions, which may
even be higher in patients with focal brain injury.20

Measurement of brain temperature is difficult as
non-invasive techniques using, e.g. neuro-imaging are
not readily available for standard clinical use in severe-
ly brain injured patients.21–24 Measurement of Tbrain by
implanted catheters is limited by its local measurement
and invasiveness, which restricts the use to poor grade
comatose patients. However, multimodal neuromoni-
toring with invasive techniques can be used to further
elucidate on mechanisms of Tbrain regulation by study-
ing metabolic activity (using cerebral microdialysis,
CMD) and cerebral blood flow (CBF) in the
vicinity to the brain tissue where Tbrain is measured.
Recently, we could show that Tbrain increases in
timely association with occurrence of cortical spreading
depolarizations (SD), which resemble highly metabolic
active processes and contribute to secondary brain
injury and poor outcome.25

In the current study, we aimed to examine mecha-
nisms of Tbrain regulation in poor-grade SAH patients
using systemic (Tcore) and local information (CBF,
intracranial pressure (ICP), metabolism) derived from
advanced neuromonitoring techniques. Our hypothesis
was that a higher Tdelta is associated with preserved
brain metabolic activity which relates to a higher
chance of better outcome after SAH.

Materials and methods

Patients and ethical approval

This is a prospective cohort study with retrospective
data analysis including 46 consecutive aneurysmal
SAH patients in whom multimodal neuromonitoring
was implanted. In all patients, an aneurysm could be
identified. All patients were admitted to the neurolog-
ical intensive care unit (NICU) at the Medical
University of Innsbruck in Austria, between 2010 and
2016. The conduct of this study was approved by the
ethics committee of the Medical University of

Innsbruck (AN3898 285/4.8, AM4091-292/4.6,
UN3898 285/4.8) and informed consent was obtained
from all patients according to Austrian law and in
accordance with the Declaration of Helsinki.
Inclusion criteria were (1) admission with aneurysmal
SAH, (2) �18 years of age, and (3) invasive neuromo-
nitoring comprising at least continuous contemporane-
ous measurements of brain and core temperature.

Data collection and neuromonitoring

Patient characteristics, interventions, complications
and outcome were prospectively recorded in our insti-
tutional SAH database. Invasive multimodal neuromo-
nitoring was instituted, according to the local
institutional protocol, to patients who presented with:
(1) Initial poor grade (H&H 4-5) SAH or neuro-
worsening to poor clinical grade within 24 h; (2) esti-
mated prolonged need for mechanical ventilation
(>48 h) (based on clinical and neuroimaging findings);
(3) and/or clinical or radiological signs suggestive of
increased intracranial pressure; (4) no anticoagulant
treatment; (5) likely to survive >48 h. The protocol is
in compliance with the Helsinki Declaration and has
been approved by the local ethics committee (UN3898
285/4.8). All continuous parameters were saved on a
5-min average interval in our patient data management
system (CentricityTM Critical Care 7.0 SP2; GE
Healthcare Information Technologies, Dornstadt,
Germany) and the values up to the first 14 days of hos-
pitalization were aggregated to 1-h intervals to match
the microdialysis sampling time. Day 1 was defined as
the first 24 h after admission to the intensive care unit.
A parenchymal probe (NEUROVENT-P-TEMP;
RaumedicVR , Helmbrechts, Germany) was inserted for
the measurement of intracranial pressure (ICP) and
Tbrain, either through a frontal approach using a
triple-lumen bolt, or, together with the CMD-probe
(71 High Cut-Off Brain Microdialysis Catheter, mem-
brane length 1 cm, pore size 100 kDa; M Dialysis AB,
Stockholm, Sweden), tunneled and placed in the white
matter of the frontal watershed ipsilateral to the aneu-
rysm or the vascular territory exhibiting the maximal
pathology. In the same manner, a Hemedex probe
(HemedexVR Cambridge, Massachusetts, USA) was
inserted for the continuous measurement of CBF in a
subgroup of 15 patients.

Isotonic perfusion fluid (Perfusion Fluid CNS; M
Dialysis AB, Stockholm, Sweden) was pumped through
the microdialysis system at a flow rate of 0.3ll/min.
Microdialysis samples were obtained hourly and imme-
diately analyzed with CMA 600 and Iscusflex (M
Dialysis AB, Stockholm, Sweden) for CMD-glucose,
CMD-pyruvate, CMD-lactate and CMD-glutamate
concentrations. The first sample was drawn at least 1
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h after probe insertion and discarded, to avoid artifacts
caused by the intervention. After the bedside analysis,

samples were stored at �80�C.
Serial CMD samples were available for 34 patients.

The thresholds for normal values were CMD-
LPR <30, CMD-lactate <4mmol/l, CMD-pyruvate

>120 mmol/l, CMD-glucose >0.7mmol/l, CMD-
glutamate <10 mmol/l and CMD-glycerol <50 mmol/l,

as previously defined in the literature.26 The presence of
mitochondrial dysfunction was defined as CMD-LPR
>30 together with CMD-pyruvate >70 mmol/l.26

Grading, radiologic definitions, neuromonitoring and

patient care

Admission disease severity was graded using the Hunt
& Hess scale.27 Computed tomography (CT) of the
brain was performed on admission, after aneurysm

repair and when clinically needed. CT scans were
rated by an independent clinician, blinded to clinical

data, using the modified Fisher score, the SAH sum
score and the intraventricular hemorrhage (IVH) sum
score, and were assessed for the presence of global cere-

bral edema (GCE).28–30 Microdialysis probe location
was defined as “perilesional” if the gold tip of the

probe was within 1 cm to a focal hypodensity (edema/
infarction) or hyperdensity (hematoma) on CT, or oth-
erwise as “normal-appearing brain tissue”.

Fever definitions and patient management

Body temperature was measured by the temperature
sensor of the bladder catheter. Fever was defined as

Tcore> 38.3�C based on previously published guide-
lines.31 Temperatures between 36.5�C and 37.5�C
were defined as normothermia, and the interval
between 37.5�C and 38.3�C as sub-febrile temperature
range. Brain hyperthermia was accordingly defined as

Tbrain> 38.3�C. Tdelta was defined as the difference
between each time associated measurements of brain

temperature (Tbrain) and core temperature (Tcore) given
as 1-h mean values over the time of neuromonitoring.

Core normothermia was targeted based on an insti-
tutional protocol including first- and second-line phar-
macological therapies, and non-pharmacological

invasive (CoolGard 3000 or ThermoGard XPVR ,
ZOLL) and non-invasive cooling devices (ARCTIC

SUNVR , Bard Medical), as described.1

Clinical care of SAH patients conformed to current

guidelines,32,33 although prophylactic nimodipine was
generally provided as a continuous intravenous infu-
sion at the rate of 1–2mg/h. Ruptured aneurysms

were treated by surgical clipping or endovascular coil-
ing. Intravenous fluids (crystalloids and colloids), vaso-

pressors (noradrenaline, phenylephrine) and

dobutamine were used for hemodynamic stabilization
and to achieve a cerebral perfusion pressure (CPP) of
more than 70mmHg.34 Intracranial hypertension was
defined as sustained ICP� 20mmHg. Rebleeding was
defined as a new hemorrhage on CT scan associated
with clinical deterioration. Anemia was diagnosed
when hemoglobin levels were less than 8 g/dL.
Pneumonia was defined as the occurrence of a new
infectious state associated with consistent chest clinical,
microbiological or imaging findings. Sepsis was defined
as life-threatening organ dysfunction caused by a dys-
regulated host response to infection.35 All patients were
comatose during the period of invasive neuromonitor-
ing and routinely received continuous intravenous mid-
azolam and sufentanil to facilitate mechanical
ventilation. Ketamine was used when clinically
needed. Patients were followed with transcranial
color-coded duplex sonography (TCD, LOGIQ S8;
GE Healthcare, Chicago, IL) for detection of vaso-
spasm. Vasospasm was defined as elevation of mean
velocities greater than 120 cm/s in the middle or anterior
cerebral artery or daily change in mean TCD velocities
greater than 50 cm/s. Severe vasospasm (>200 cm/s) was
further confirmed by catheter cerebral angiogram.
Delayed cerebral ischemia (DCI) was defined as new
infarct on CT or MRI, not attributable to other
causes. Functional outcome was assessed three months
after SAH using the modified Rankin Scale (mRS).
Good functional outcome was defined conventionally
as mRS �2.

Statistical analysis

Continuous variables are reported as median and inter-
quartile range (IQR) unless indicated otherwise.
Categorical variables are reported as count and pro-
portions in each group. Time-series data were analyzed
by generalized estimating equations to account for
repeated measurements within one patient. Different
working correlation matrices were chosen accordingly
to the quasi-likelihood ratio that identified the best cor-
relation matrix to describe the dependency structure
between the observations and to account for the differ-
ent lengths of monitoring.36

Spearman’s rho was used to analyze the correlations
between data of brain and core temperature, cerebral
perfusion (cerebral blood flow (CBF), CPP, ICP and
cerebral metabolism (CMD-glutamate, CMD-glucose,
CMD-lactate, CMD-pyruvate, CMD-lactate-to-pyru-
vate ratio and CMD-glycerol).

Our primary analysis aimed to associate fluctuations
of Tdelta with data of brain metabolism, hemodynamic
parameters or the presence of mitochondrial dysfunc-
tion. As secondary outcome parameter, we studied the
association with functional outcome at threemonths.
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The association between percentage of time in mito-
chondrial dysfunction and outcome was assessed using
a generalized linear model.

For outcome analysis Tbrain, Tcore and Tdelta, the
presence of mitochondrial dysfunction and common
risk factors for poor outcome were included, according
to previous literature. For the multivariable analysis,
the following variables were added: age, intubation
days, modified Fisher scale, Hunt and Hess score,
occurrence of DCI or mitochondrial dysfunction. All
analysis was performed with IBM-SPSS V24 (SPSS
Inc., Chicago, IL, USA). The threshold for statistical
significance was set at a p-value of <0.05.

Data availability statement

Anonymized data used for this study are available from
the corresponding author on reasonable request.

Results

Baseline characteristics, disease severity, hospital com-
plications and functional outcome of 46 consecutive
patients are summarized in Table 1. Neuromonitoring
was initiated on day 1 (IQR 1–2) after SAH with a
median recording time of 178 h (IQR 107–269 h) per
patient. Microdialysis probes were identified in
normal-appearing brain tissue or perilesional in each
half of the patients (N¼ 23, 50%).

Brain and body temperature

Simultaneous recording of Tbrain and Tcore was avail-
able for 7879 h (328 patient days) and was highly cor-
related (r¼ 0.948; p< 0.01). Median Tcore was 36.9�C
(IQR 36.4–37.6 �C), and episodes of fever were
observed in 28 patients (61%) and 6.5% of monitoring
time (512 h). Median Tbrain was 37.2�C (IQR 36.6–
37.8�C). Brain hyperthermia (>38.3�C) was recorded
more often (766 h, 9.7% of neuromonitoring time)
and occurred in 30/46 patients (65%).

Overall, Tbrain was higher by a Tdelta of 0.18
�C (IQR

�0.01 to 0.37�C) compared to Tcore. Interestingly, this
difference was more evident when the brain metabolic
profile indicated preserved mitochondrial function
(median 0.23�C, IQR 0.06–0.42), whereas during epi-
sodes of brain mitochondrial dysfunction, the Tdelta

was close to zero (median �0.02�C, IQR �0.15
�0.09) (p< 0.001, Figure 1). In 26% of neuromonitor-
ing time, Tbrain was lower than Tcore.

When analysing differences in Tdelta based on
probe location, we found a Tdelta of 0.2�C (IQR 0.1–
0.4) in the healthy appearing brain tissue, a Tdelta of
0�C (IQR �0.1–0.1) in the perilesional brain tissue and
the highest Tdelta of 0.4�C (IQR �0.2�0.5) in patients
with GCE. Tdelta was slightly higher during

normothermia (median MD 0.3�C, IQR 0.1 to 0.5�C)
when compared to episodes of fever (median 0.2�C,
IQR 0 to 0.4�C).

In the presence of mitochondrial dysfunction, Tdelta

was lower, with amedian of 0�C IQR0.1 to 0.1�Cduring

normothermia, compared to a median of �0.2�C, IQR

�0.3 to �0.1�C during fever (p< 0.001, Figure 1).

Temperature delta and brain metabolism

Overall brain metabolic monitoring revealed moderate

abnormal values with a median CMD-LPR of 29 (IQR

22–38), CMD-lactate of 3.8mmol/L (IQR 2.2–

6.3mmol/L), CMD-pyruvate of 132 mmol/L (IQR 94–

Table 1. Baseline characteristics, complications, and outcome.

Clinical characteristics N¼ 46

Age (years) 53 (46–67)

Gender (female) 32 (69.6%)

Admission H&H grade 2 3 (6.5%)

3 16 (34.8%)

4 5 (10.9%)

5 22 (47.8%)

Loss of consciousness 31 (67.4%)

Admission radiological characteristics

mFisher scale 1 1 (2.2%)

2 4 (8.7%)

3 8 (17.4%)

4 33 (71.7%)

SAH sum score 23.5 (16.75–27)

IVH sum score 4 (2–7)

Aneurysm size above 10 mm 11 (23.9%)

Generalized cerebral edema 17 (37%)

Surgical procedures

Hydrocephalus requiring EVD 32 (69.6%)

Clipping 26 (56.5%)

Hemicraniectomy 8 (17.4%)

Complications

Pneumonia 36 (78.3%)

Sepsis 18 (39.1%)

Vasospasm 36 (78.3%)

Delayed cerebral ischemia 13 (28.3%)

Anemia requiring transfusion 15 (32.6%)

Aneurysm rebleeding 5 (10.9%)

Hyperosmolar therapy 27 (58.7%)

Outcome characteristics

Length of hospital stay (days) 36 (10–107)

3-month mRS 0 2 (4.3%)

1 7 (15.2%)

2 5 (10.9%)

3 5 (10.9%)

4 6 (13%)

5 13 (28.3%)

6 8 (17.4%)

H&H: Hunt&Hess; mFisher: modified Fisher; ICH: intracerebral hemor-

rhage; SAH: subarachnoid hemorrhage; mRS: modified Rankin Scale; EVD:

extraventricular drainage.
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184 mmol/L), CMD-glucose of 1.5mmol/L (IQR 0.9–

2.3mmol/L), CMD-glutamate of 6 mmol/L (IQR 2–

42 mmol/L), and CMD-glycerol of 41 mmol/L (IQR

24–78 mmol/L). A larger Tdelta, but not absolute tem-

perature, was associated with lower CMD-glutamate

(p¼ 0.003) and lower CMD-lactate (p< 0.001)

(Figures 2 and 3). Furthermore, we found a correlation

between lower CMD-glycerol and higher Tdelta

(r¼�0.4 p¼ 0.031), Tbrain (r¼�0.4 p¼ 0.016) and

Tcore (r¼�0.35 p¼ 0.006) as well as lower CMD-

LPR and higher Tdelta (r¼�0.56 p¼ 0.007). Despite

the significant correlation, we did not find group differ-

ences when accounting for repeated measures within

patients (p> 0.05). There were no relevant associations

between temperature variables and CMD-glucose.
Mitochondrial dysfunction was detected in 16% of

neuromonitoring time in 76% (26/34) of patients. In

13/34 patients (38%), MD was evident in more than

half of the neuromonitoring time. During episodes of

MD, median Tdelta was significantly lower (0�C, IQR

�0.2 to 0.1) when compared to episodes without MD

(0.2�C, IQR 0.1 to 0.4) (p< 0.001) (Figure 4).

Temperature delta, CPP, ICP and CBF

Overall, patients had a median CPP of 74mmHg (IQR

68–81mmHg), ICP of 11mmHg (IQR 7–15mmHg),

and CBF of 21ml/100 g/min (IQR 11–31). Tbrain,

Tcore or Tdelta were not associated with changes in

CPP, ICP or CBF (p> 0.05). However, during mito-

chondrial dysfunction, CBF was negatively associated

with Tdelta (r¼�0.53 p< 0.01) but not with absolute

temperature levels (p> 0.05).

Temperature, mitochondrial dysfunction and

outcome

One-thirdofpatientshada favourable three-monthsout-

come (14/46, 30%). There was no association between

absolute Tbrain or Tcore and neurological outcome.

However, a larger Tdelta was associated with a higher

probability of good functional outcome at threemonths

(per 1�CincreaseOR¼ 7.7, 95%CI¼ 1.4–43.6 p¼ 0.02).

This association remained significant after adjusting

for intubation days, age, gender, DCI, Hunt & Hess

grade and modified Fisher grade (per 1�C increase

adjOR¼ 1.6, 95% CI¼ 1–2.5 p¼ 0.047).
Tdelta> 0.2�C was associated with a lower risk of

mitochondrial dysfunction (OR¼ 0.2, 95% CI¼ 0.13–

0.33 p< 0.001).
Furthermore, the percentage of time in mitochondrial

dysfunction was associated with poor three-months out-

come (medians 5% (IQR 0%–25%) for good outcome

and 50% (IQR 7%–90%) for poor outcome (p¼ 0.022).

The association of outcome with the overall percentage

of time in mitochondrial dysfunction remained signifi-

cant even after adjusting for age, gender, intubation

days, DCI, Hunt & Hess grade and modified Fisher

scale (p¼ 0.017).

Discussion

The main finding of this study is that brain temperature

is highly associated with brain metabolic activity and

exceeds body core temperature only when mitochondri-

al function is preserved. Moreover, a larger difference

between body and brain temperature was associated

with favourable brain metabolic state as indicated by

lower CMD-lactate levels and decreased excitotoxicity.

Preserved mitochondrial function and a higher delta

brain temperature were independently associated with

better functional outcome.
Tbrain is tightly regulated by Tcore, however may

exceed Tcore by up to 2.5�C in patients with acute

brain injury.8–15 The temperature gradient is even

higher in cortical areas when compared to deep brain

structures including the white matter,11,12,19,37,38 which

seems to be further aggravated after acute brain injury.

Figure 1. Core temperature (X-axis; hypothermia (<36.5�C),
normothermia (36.5–37.5�C), sub-febrile (37.5–38.3�C) and
fever (>38.3�C)) and the difference between core and brain
temperature (Y-axis, a positive value indicates higher brain tem-
perature compared to core temperature) during 7879 neuro-
monitoring hours in 46 poor grade SAH patients. Groups
represent hours with (grey square) and without (white square)
mitochondrial dysfunction defined as CMD-LPR >30 and CMD-
pyruvate >70mmol/l. CMD: cerebral microdialysis; LPR: lactate-
to-pyruvate ratio (between episodes with and without MD for
each group, p< 0,001; between core temperature groups as
shown in the graph, during periods without MD *p< 0.05
**p¼ 0.001 ***p< 0.001; during MD all comparisons are
significant at p< 0.001).
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Figure 3. Daily mean (�95% confidence intervals) levels of CMD-glutamate (Panel A) in mmol/L and CMD-lactate (Panel B) in mmol/
L (y-axis) in patients with high (triangle) and low (grey circle) difference between brain temperature and core temperature (Tdelta),
divided at the median Tdelta¼ 0.18�C. CMD: cerebral microdialysis.

Figure 2. Absolute values of CMD-derived metabolites (y-axis) at high (>0.18�C) and low (�0.18�C) temperature delta (difference
between brain temperature and core temperature (Tdelta, x-axis). The horizontal lines indicate thresholds for pathological absolute
CMD levels, as indicated in literature: (a) glucose <0,7mmol/L, (b) glutamate >10mmol/L, (c) glycerol >50mmol/L, (d) lactate
>4mmol/L, (e) LPR >30 reflecting mitochondrial dysfunction, (f) pyruvate <120mmol/L. *Indicates statistical significance, p values are
specified in the graph. CMD: cerebral microdialysis; LPR: lactate-to-pyruvate ratio.
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This concept has been previously described as “brain
thermopooling”.39

The measured Tbrain reflects the balance between
mechanisms of heat production and dissipation with
the ultimate goal to prevent excessive overheating.
The main contributors to this balance are the arterial
inflow, the brain metabolic activity and the venous out-
flow; however, the dynamic interactions between these
mechanisms are complex.8,10,13–15,18,19,37,40–44 In the
current study, we found a minor overall difference
between Tbrain and Tcore by only about 0.2�C, which
is consistent with previously reported data in patients
with TBI, SAH or comatose patients after cardiac
arrest.8,14,45 One explanation may be that we follow
the concept of normothermia in our SAH patients by
aggressive fever control, as a higher Tdelta is usually
observed at higher temperature levels.

Interestingly, we found that Tbrain was significantly
lower during episodes of mitochondrial dysfunction
resulting in Tbrain closely following Tcore. Our data sug-
gest that brain mitochondrial dysfunction is associated
with a decrease of local heat production. The brain
itself is a highly metabolic active organ and mitochon-
dria are the main source of energy production through
respiratory chain reactions.46 The energy is required
not only for electrical activity of neurons, endothelial
cells and glia, but also for intracellular processes such
as synthesis of macromolecules and proton transport
across mitochondrial membrane, all of which may be
disturbed after acute brain injury.9–11 Around 60% of

the energy is used for the production of ATP, the rest is
dissipated as heat.42 In this line we found evidence for
energy and heat production when the metabolic profile
suggests preserved mitochondrial function.

On average, around 0.7 J/g brain tissue are generat-
ed per minute, which would result in an increase
by 0.2�C in Tbrain per minute if compensatory heat
removing mechanisms would fail.10,11,17,47 Heat trans-
fer normally occurs via radiation, conduction, convec-
tion and evaporation, but in the CNS the main
regulator is through washout of CBF.8–11 In fact, the
temperature of the venous outflow has been previously
reported to be as much as 0.3�C higher than the arterial
inflow.8,10 CBF is also known to increase with brain
activation, hence serving the dual-purpose of sustaining
metabolism with nutrients delivery and buffering the
resulting heat production.8,37 This complex relation-
ship between CBF and brain temperature explains
why the increase in CBF linked to metabolic activation
does not necessarily lead to a relevant change in Tdelta

or Tbrain.
38,44 However, during flow-metabolism mis-

match and in pathological conditions when variations
in CBF are unrelated to heat production, a rise in CBF
may be associated with a significant reduction in
Tbrain.

8,15,19,38 This is consistent with our results, con-
sidering that the correlation between CBF and Tdelta

became negative during episodes of mitochondrial dys-
function, when energy production fails.

The association between fever and higher long-term
morbidity and mortality is well established in neuro-
critical care patients.3–5 The role of elevated Tbrain and
its association with outcome remains less clear.
Although monitoring of Tbrain is recommended, it is
rarely performed in clinical routine and the therapeutic
relevance is still debatable. It is well known that
extremely elevated Tbrain >40�C can be detrimental
by direct neurotoxic effects, but also through indirect
mechanisms including potentiation of glutamate-
induced and reactive oxygen species toxicities.9,37,42

Higher Tbrain has also been associated with increased
blood–brain barrier permeability, contributing to brain
edema.9,10 In contrast to that, we found that a higher
Tdelta was associated with improved brain metabolic
profile. This is of interest, however temperature differ-
ences in our study were minor compared to the detri-
mental mechanism described above occurring at higher
Tbrain levels

At a cellular level, general pathogenetic mechanisms
can be identified regardless of the underlying neurolog-
ical injury, including mitochondrial dysfunction, reac-
tive oxygen species (ROS) generation and inadequate
ROS scavenging.8 Both, the downregulation of antiox-
idant cellular capabilities and the increased production
of ROS due to ischemia-mediated metabolic disruption
of mitochondrial structures underlie the increased

Figure 4. Daily mean (� 95% confidence intervals) difference
between brain and core temperature (Tdelta, y-axis, positive
values indicating higher brain temperature compared to core
temperature) during episodes with (grey circles) and without
(triangles) mitochondrial dysfunction, defined as CMD-LPR >30
and CMD-pyruvate >70mmol/l. CMD: cerebral microdialysis;
LPR¼ lactate-to-pyruvate ratio (p< 0.001).
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oxidative stress observed in SAH patients.48 It has been
suggested that the oxyhemoglobin-induced calcium
influx through L-type voltage-dependent calcium chan-
nel might be responsible for depolarizing the mitochon-
drial membrane, with consequent increased ROS
production and cellular damage, and this may also
cause disruption of the mitochondrial dynamics by
activating Drp1, favouring mitochondrial fragmenta-
tion and hence dysfunction.49

In addition, other mechanisms like neuroinflamma-
tion and glutamate toxicity seem to play an important
role to promote secondary injury.42,50 Based on the
‘sandwich model’, all of these mechanisms are cumula-
tive and may reach a level of cellular toxicity leading to
cell death.51 In this context, the activation of mitochon-
drial uncoupling proteins (UCP) following brain injury
would seem to counteract these processes by dissipating
the increased ROS produced and the accumulated
mitochondrial membrane potential through heat,
thereby increasing the temperature locally in the dam-
aged brain.42,51

When comparing differences in Tdelta by probe loca-
tion, we found the highest Tdelta in patients with GCE,
suggesting a hypermetabolic response with local heat
production which was previously shown in a microdial-
ysis study of SAH patients.52 In contrast, there was no
difference between body and brain temperature when
Tbrain was measured in the perilesional area suggesting
a more severely injured brain and energy failure.

We did not find an association between Tbrain and
ICP or CPP. Although the association with fever and
high ICP is well described, our patients were mostly
treated within the range of normothermia. This may
also explain why neither Tbrain nor Tcore were associat-
ed with functional outcome in our cohort.
Interestingly, we found an association between higher
Tdelta and better long-term functional outcome.
One explanation for this may reflect improved brain
metabolic activity through preserved mitochondrial
function. Previous reports support the hypothesis that
in case of spontaneous equalizing of Tbrain and Tcore,
the patients’ outcome is worse.13,15,37,42,44,53,54 This
spontaneous lowering of Tbrain towards Tcore has been
linked to an increased risk of hospital death as it
may indicate failure of metabolic heat production
and decreased CBF towards irreversibility.38,43 Of
note, during targeted normothermia, the same reversal
was recorded due to lower cerebral metabolic rates but
was associated with favourable prognosis.37,38,53,55

Consequently, given the strict institutional fever proto-
col (preventive or reactive), we might have underesti-
mated the true effect of a higher brain temperature on
metabolic changes. The role of Tdelta as a biomarker is
so far not well defined, but ultimately might serve as a
marker of retained electro-metabolic brain activity in

response to the acute injury. More research is needed to

dissect the implication of a higher Tdelta and whether

this can be translated to a different clinical manage-

ment strategies (e.g. optimizing brain perfusion,

improving mitochondrial activity, etc.).
This study has several limitations. It was single-

centered, even though we included data from a relative-

ly large cohort including 46 SAH patients. We included

only poor-grade SAH patients with invasive, therefore

localized, brain temperature measurement which limits

the generalizability of our results. In this context, it is

important to mention that all other multimodal neuro-

monitoring parameters were obtained in the vicinity of

the localized Tbrain measurement site, which allowed us

to analyse associated metabolic and perfusion param-

eters. Another limitation is that we did not include

depth of sedation or the occurrence of seizures or cor-

tical spreading depolarizations in this analysis. This

could have influenced our findings as episodes of cor-

tical spreading depolarizations (CSD) were associated

with timely increases in brain temperature. We previ-

ously reported dynamic short-term changes in brain

temperature associated with CSD. These are most

likely related to brain activation during this highly

energy-consuming event.25 However, this was only

observed for approximately 1 h and cannot be claimed

for the overall higher brain temperature observed in

our patients. In addition, we used a strict fever protocol

and targeted normothermia in our patients, therefore

pharmacological and non-pharmacological interven-

tions may have influenced our findings. Still, our data

represent physiologic and pathophysiologic changes in

brain and body temperature reflecting clinical practice

in poor-grade SAH patients.
In conclusion, our data suggest that brain tempera-

ture is closely regulated by body temperature and may

exceed Tcore by 0.2�C when mitochondrial dysfunction

is preserved. During episodes of mitochondrial dys-

function, Tbrain seems to passively follow Tcore which

was associated with worse outcome after SAH. Further

studies are needed to better understand the physiologic

and pathophysiologic processes resulting in differences

in Tdelta, and to further elucidate the impact of Tdelta

on brain metabolism and the chance of recovery

after SAH.
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