View metadata, citation and similar papers at core.ac.uk brought to you by

@‘PLOS | ONE

provided by AIR Universita degli studi di Milano

RESEARCH ARTICLE

Post-Activation Brain Warming: A 1-H MRS
Thermometry Study

Mario Rango'-2*, Cristiana Bonifati'2, Nereo Bresolin'-2

1 Department of Neurological Sciences, IRCCS Ca’ Granda-Ospedale Maggiore Policlinico Foundation,
University of Milan, Milan, Italy, 2 Magnetic Resonance Spectroscopy Center, IRCCS Ca’ Granda-Ospedale
Maggiore Policlinico Foundation, University of Milan, Milan, Italy

* mariocristia@yahoo.it

Abstract

Purpose

Temperature plays a fundamental role for the proper functioning of the brain. However,
there are only fragmentary data on brain temperature (Ty,) and its regulation under different
physiological conditions.
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Methods
We studied Ty, in the visual cortex of 20 normal subjects serially with a wide temporal win-
dow under different states including rest, activation and recovery by a visual stimulation-
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incoming arterial blood, and extensive heat exchange between the activated and the surround-
ing brain tissue [1] are the major factors contributing to brain temperature (Ty,) regulation
during functional stimulation when CBF, brain metabolism as well as oxygen extraction in-
crease. Therefore, mechanisms that reduce heat together with others that increase local heat
are at work. Under these conditions is difficult to predict the net heat balance resulting in Ty,
because these changes do not occur simultaneously. Based on the Pennes’ bioheat approach
[2], temperature distribution in the human brain is predicted to vary inherently within the
brain tissue and that activation influences the local temperature according to the anatomical
site [3].

Models of brain thermoregulation [2, 3] predict that the surface of the brain would become
warmer, whereas the brain temperature in the deeper brain parenchyma may be lower with ac-
tivation, and that the effects would be greater near the brain surface.

Some experimental findings contradict calculations from mathematical modeling with no
clear explanation for this. Brain temperature measurement in animals have shown either an in-
crease [4, 5] or a decrease [6] in temperature during stimulation. Sensory stimulation results in
Ty, changes in either direction, partly depending on the anatomical location. For example, in
superficial rodent brain regions (scalp removed but skull intact), infrared optical thermometry
techniques showed consistent increases in Ty, after brain activation [4]. The changes observed
were small, 0.18°C, with slow (>10 s) time constants. Other studies in animals, instead, have
shown increase of 2-3°C during stimulation [5].

The same infrared approach has demonstrated an increased temperature in the occipital re-
gion of the human head during visual stimulation. [7]. These observations indicate that there
may be variations, in terms of both polarity and size, in the Ty, due to brain activation.

Using 1H magnetic resonance spectroscopy (1-H MRS) to estimate noninvasively the
human Ty, inside the occipital lobe, Katz-Brull et al. [8] did not observe significant changes in
the short-lasting visual stimulation paradigm. However, they calculated Ty, from averaged
spectra blocks of 16 seconds, that is, with a rather short temporal observational window. More-
over, they kept a short intercycle period that did not allow the return to basal brain conditions
between consecutive cycles, therefore adding up the effects of each cycle on brain energetics,
blood flow and, eventually, on Ty,. Yablonskiy et al. [9] determined the proton resonance fre-
quency change in the human visual cortex using localized double-spin echo MRS to estimate
temperature change. They observed a highly variable change of Ty, in the visual cortex in re-
sponse to stimulation, with an average reduction of 0.28°C. However, their MRS method did
not utilize a reference resonance frequency that remains stable at different temperatures, such
as N-acetylaspartate (NAA), and therefore their results may be affected by the overall magnetic
field frequency shifts.

Neither consistent experimental data nor mathematical modeling are available on Ty, in the
post activation/ recovery phase.

In order to overcome the limitations of previous studies and to clarify contradictory results,
we planned a study in which T, was observed with a large temporal window, serially, across
different functional states, that is, rest, activation and recovery from activation in the visual
cortex by a non invasive visual stimulation 1-H MRS combined approach in normal subjects.
We used 1-H MRS since it is the most reliable non invasive method for brain thermometry (1).

Methods

Twenty normal subjects were studied. Their ages were 25-53 years (mean 32 years, SD 9).
There were 10 men and 10 women. Normal participants had no history of neurological disease
and no history of major disease, vascular risk factors were excluded.
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Full ophthalmologic and neurological examinations, standard T1 (Te 10 ms; TR 500 ms),
T2 (Te 90 ms; TR 2500 ms), and proton density-weighted (Te 30 ms; TR 2500 ms) MRI brain
studies, electroencephalogram, flash, and pattern reversal visual evoked potential were per-
formed to exclude subjects with any of the following: symptoms or signs of central nervous sys-
tem involvement on neurologic examination, abnormal brain MRI studies, abnormal
electroencephalogram, abnormal ophthalmologic examinations, and abnormal visual-evoked
potentials. Subjects taking drugs of any kind were excluded.

All participants gave written informed consent. All consent forms were filed within our in-
stitution. The project and the consent form have been approved by the national institute of
health (Ministero della Salute) and by the local ethical committee (Fondazione Ca’ Granda
IRCCS Ospedale Policlinico). The procedures followed were in accordance with the ethical
standards of the responsible committee on human experimentation (institutional, Fondazione
Ca’ Granda IRCCS Ospedale Policlinico) and with the Helsinki Declaration of 1975 (and as re-
vised in 1983). We did obtain specific consent for the publication of medical images in
the figures.

Visual stimulation

The method used to deliver visual stimulation has been fully described [10]. Briefly, the subject
wore goggles (Grass, www.grasstechnologies.com) that flashed at 8Hz to reproduce a stimula-
tion pattern used in the previous work [10]. The authors used an infrared-driven computerized
system that they developed connected to the MR system computer by which goggles were auto-
matically turned on after 6.5-min acquisition and turned off after 13-min acquisition(Fig 1).
Goggles were made of 24 red light emitting LEDs (each goggle) mounted behind a black grid so
that the perceived stimulus was a pattern of red rectangles (3 mm x 3 mm) flashing at 8 hertz

VISUAL
| REST STIMULATION | RECOVERY |
MR MR MR MR MR MR
aquisition aquisition aquisition aquisition aquisition aquisition
0 145 35 4.5 6.5 g 10 ih 13 14.5 16 17 18.5

Time (min)

Fig 1. MR brain spectra acquisition for temperature measurement. On the x axis time is represented (minutes). The bars show the time during which
each spectrum is acquired, at rest, during visual stimulation and recovery. Each bar corresponds to one spectrum and to one temperature measurement. The
entire study takes 18.5 minutes for each subject.

doi:10.1371/journal.pone.0127314.g001
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with each flash lasting 10 ms (square wave) spatially alternating with non flashing black rectan-
gles(3 mm x 3 mm).

A repeat T1 MR imaging study was obtained at the end of spectra collection and compared
with images obtained at the beginning of the spectra collection; all studies of that subject were
discarded if head positioning had changed.

Evoked potentials with this kind of stimulation were recorded in a separate session outside
the magnet in order to confirm neuronal activation in the visual cortex during visual stimula-
tion. All subject showed electrical visual cortex activation during visual stimulation.

Body temperature measurement

Temperature on the skin of the forehead over the temporal artery and axillary body tempera-
ture were measured in all subjects. The temperatures with the two methods correlated signifi-
cantly (P<0.001) with the mean temporal artery slightly higher than mean axillary
temperature (36.9 vs 3.6, p<0.01).

Temperature on the skin of the forehead over the temporal artery was measured by an infra-
red electronic thermometer (Exergen Temporal Scanner). Axillary body temperature was mea-
sured by a mercury-in-glass thermometer. Temperature was measured in patients and in
control participants laid on the MRI bed (outside the magnet) immediately before and after the
MR study.

No febrile participant at the time of the study (body temperature >37°C with any of the
three methods) was included in the study. Before the MRS study, participants sat in the waiting
hall of the MRI unit for 60 min before their MRS assessment to ensure proper adaptation. The
hall’s temperature was kept constant at 22°C throughout all the assessment periods. The mag-
net room temperature was kept at 22°C.

All the studies were performed on the same day of the week between 2 and 4 p.m..

Brain temperature measurement

All studies were performed on a 1.5T Siemens System (Siemens, Erlangen, Germany) using a
quadrature detection transmitter/receiver (Tx/Rx) head coil, and the images were assessed
under blinded conditions by an MRI expert in order to exclude abnormal MRI.

MR sagittal, axial, and coronal T1 and T2/proton density weighted images were acquired.
Single-voxel 1H-MRS spectra were acquired without water suppression from a volume of inter-
est (20x20x10mm) aligned along the calcarine sulcus of the occipital cortex and in the right
centrum semiovale, in which no visual fibers transit. A point-resolved spectroscopy sequence
(PRESS) was used. The acquisition parameters were TR 2000 ms, TE 270 ms, 64 acquisitions,
1024 points per spectrum, 1000 Hz spectral width.

Spectra were acquired at rest (baseline condition), during visual stimulation and after the
end of visual stimulation (Fig 1).

Two spectra from the visual cortex were acquired: between 1.5 and 3.5 minutes and between
4.5 and 6.5 minutes after the beginning of each state (Fig 1). Similarly two spectra were then ac-
quired from the centrum semiovale between the 1.5 and 3.5 minutes and between 4.5 and 6.5
minutes after the beginning of each state: since the mean group values of the two spectra at rest
did not differ statistically both for the visual cortex (p>0.1) and for the centrum semiovale
(p>0.1), the two temperature values obtained from the rest state were averaged and one single
value obtained for each subject and reported as such.

JMRUI software (URL http://www.mrui.uab.es/mrui/) was used for spectra analysis. All
spectra were inspected visually first and discarded if judged to be of poor quality (e.g. having a
badly elevated baseline or containing spurious peaks). Spectra were also discarded if line widths
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Fig 2. Visual cortex spectrum and brain temperature measurement. Voxel of 20x20x10 mm centred on the calcarine sulcus of a subject (A) from which a
1H MR unfitted spectrum (B) is obtained. Spectra acquisition parameters: PRESS sequence, TR 2000 ms, TE 270 ms. The MR signals corresponding to

water and N-Acetyl-Aspartate are identified (respectively H20 and NAA). The chemical shift used for temperature calculations is shown by arrows. (C) shows
the centrum semiovale voxel of 20x20x10 mm.

doi:10.1371/journal.pone.0127314.9002

at half maximum were greater than 8 Hz or if the metabolite peaks were more than 0.1ppm oft-

set from their expected values. Data processing included Lorentzian filtering (1 Hz line broad-
ening), Fourier transformation, and automatic phase correction.

A typical spectrum obtained from the visual cortex is displayed in Fig 2.

The temperature calculation was based on the measurement of the difference between the
water resonance frequency, which is linearly temperature dependent, and the NAA methyl res-
onance frequency, which remains stable at different temperatures [11, 12, 13].

Absolute values of T, (expressed in Celsius degrees) were calculated according to the equa-
tion T = 228.2-72.2 X (820 — Onaa) [12], where 81150 and g4 4 are the resonance frequencies
expressed in ppm, measured at the center of the water and of the NAA fitted peaks. Absolute

values of T, (expressed in Celsius degrees) were also calculated using Cr as internal reference
according to the equation T = 36+a(fw-fref-f0)°C, with a = -101.7°C/ppm, f0 = -1.6585 ppm
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for Cr where fw and fref are the water and Cr chemical shifts (ppm), respectively, and f0 is the
chemical shift difference between water and the reference at 36°C [14].

We utilized a time domain analysis using jJMRUI software in two steps. First, the water sig-
nal was modeled as a mono-exponentially decaying sinusoid (a single component) using the
Hankel Lanczos Total Least Squares (HLTLS) algorithm (14) and its resonance
frequency estimated.

Second, the water signal was removed (filtered) from the FID by Hankel Lanczos Singular
Value Decomposition (HLSVD) algorithm [14] in a 2-ppm range around the water resonance
frequency. The residual signal was then used to estimate the NAA resonance frequency using
the HLTLS algorithm.

The sensitivity of this MR thermometry method is 0.0103 ppm/1°C. The actual sensitivity
and accuracy were determined in a phantom experiment (Table 1). Fiber optic temperature
sensors were calibrated at room temperature, relative to a type T copper/constantan thermo-
couple and thermometer.

Sensors were inserted within a spherical phantom simulating the human brain size and
shape which contained a water solution of NAA, Cr, Cho, My, Glx, albumin at concentrations
as in the human brain.

Phantom was heated at 38°C and kept at this temperature by a thermal blanket with ther-
mostatically controlled circulating water passing through it.

Appropriate coefficients and constants were obtained and inserted within the equation for
MRS temperature calculations in order to calibrate the MRS system so that MRS thermometry
measured also 38°C.

Afterwards, the phantom was allowed to cool down at a speed of 0.1°C/ four minutes, and
for every 0.1°C step MRS thermometry measurement was repeated (2 minutes measurement).
The formula and the methods for MRS thermometry were as reported in the methods. The
table reports the measurements between 36.80 and 37.25°C showing that there is agreement be-
tween fiber optic and MRS thermometry with an accuracy and sensitivity within 0.1°C. The
same kind of agreement was present in all the measured interval, that is, 36.40-38.20°C. Since
the linewidth in vivo is larger, we corrected the phantom sensitivity by the ratio of the linewidth
in vivo/in vitro and calculated a final actual temperature sensitivity as well as accuracy in vivo
within 0.2°C.

For these reasons we rounded brain temperature values at 0.20°C steps.

Two-tailed t-tests, analysis of variance (one-way ANOVA,; degrees of freedom 4, 76) and r
correlation coefficients (Pearson’s r) were used for statistical analysis (NCSS software). Bonfer-
roni’ s correction for multiple comparisons was applied.

Results

Body temperature

The mean axillary body temperature did not differ between the beginning of the study and the
end of the study (mean: 36.6°C, 0.12 SD vs 36.5°C, 0.11 SD, P = >0.1). Likely, the temperature

Table 1. Comparison between fiber optic thermometry and MRS thermometry in a brain-like phantom.

Fiber optic 36.80 36.85 36.90 36.95 37.00 37.05 37.10 37.15 37.20 37.25
MRS 36.80 36.80 36.90 37.00 37.00 37.00 37.10 37.10 37.20 37.30

The first row reports fiber optic measured phantom temperatures, the second row reports MRS measured phantom temperatures. Temperatures are
reported in °C.

doi:10.1371/journal.pone.0127314.1001
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Table 2. Visual cortex brain temperature single values.

Subjects
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20

Rest

37.40
37.20
37.40
37.80
37.20
38.00
37.40
37.60
37.60
37.40
37.00
37.80
37.20
37.40
37.80
37.20
37.40
37.00
37.80
37.40

Visual Visual Recovery 1 Recovery 2
stimulation 1 stimulation 2

37.40 37.20 38.00 37.60
37.20 37.20 37.60 37.20
37.40 37.40 37.60 37.40
37.80 37.40 38.00 38.00
37.20 37.00 37.60 37.00
37.80 37.60 38.00 38.00
37.40 37.20 37.20 37.20
37.40 37.20 37.80 37.80
37.80 37.40 38.00 37.60
37.40 37.40 37.80 37.60
37.00 36.80 37.40 36.80
37.60 37.40 38.20 37.80
37.40 37.40 37.60 37.40
37.80 37.20 37.80 37.40
37.80 37.60 38.20 37.60
37.40 37.20 37.20 37.20
37.40 37.40 37.60 37.40
37.00 36.80 37.60 37.20
37.60 37.20 38.20 37.60
37.40 37.60 37.40 37.40

Each of the 20 rows corresponds to a different subject: for each patient brain temperature in the visual cortex is reported through the five different states
(rest, first part of visual stimulation, second part of visual stimulation, first part of recovery, second part of recovery).

doi:10.1371/journal.pone.0127314.t002

Table 3. Brain temperature mean values

Visual cortex
Centrum semiovale

on the skin of the forehead over the temporal artery did not differ between the beginning of the
study and the end of the study (mean: 36.9°C, 0.11 SD vs 36.9°C, 0.12 SD, P = >0.1).

Visual cortex temperature

Single values across the different conditions are reported in Table 2, mean values are reported
in Table 3.

Ty at rest was higher than body temperature (temporal artery) (mean: 37.40°C vs 36.90°C,
P<0.001).

An ANOVA analysis revealed a significant difference of the mean temperature across the
five states (rest, visual stimulation 1, visual stimulation 2, recovery 1, recovery 2) (P<0.001).

Visual stimulation Recovery
First part Second part First part Second part
37.40 (0.20) 37.40 (0.20) 37.20 (0.20) 37.80 (0.20) 37.40 (0.20)
37.60 (0.20) 37.60 (0.20) 37.60 (0.20) 37.60 (0.20) 37.60 (0.20)

Values are reported as °C (group mean), in parentheses SD.

Values are rounded at 0.20 °C steps.

doi:10.1371/journal.pone.0127314.t1003
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Rest

No difference was found between the means of the first and the second measurement at rest
since the values from the two measurements were overlapping (P>0.1).

Mean Ty, was:

(Water-NAA shift based) 37.40°C (SD 0.20), (Water-Cr shift based) 37.40°C (SD 0.20),
t-test P>0.1.

Visual stimulation

At 2 minutes after the beginning of visual stimulation mean T, remained unchanged: (Water-
NAA shift based) 37.40°C (SD 0.20) (Table 3), (Water-Cr shift based) 37. 40 (SD 0.20), t test
P>0.1. At 4 minutes mean Ty, decreased to: (Water-NAA shift based) 37.20°C (SD 0.20)
(0.20°C below the baseline value, P<0.05) (Table 3), (Water-Cr shift based) 37.20 (SD 0.20),

t test P>0.1.

Recovery

Mean Ty, at 2 minutes after the end of visual stimulation rose significantly to: (Water-NAA
shift based) 37.80°C (SD 0.40) (0.40°C above baseline value, P<<0.0001 and 0.60°C above the
value reached during the second part of visual stimulation) (Table 1), (Water-Cr shift based)
37.80 (SD 0.40). At 4 minutes after the end of visual stimulation mean T, was back to (Water-
NAA shift based) 37.40 (SD 0.20) thus overlapping the baseline value (P>0.1)(Table 3),
(Water-Cr shift based) 37.40 (SD 0.20) t test P>0.1.

Centrum semiovale temperature

No difference was found between the first and the second measurement at rest since the values
from the two measurements were overlapping (P>0.1).

An ANOVA analysis did not reveal difference of the mean temperature across the five states
(rest, activationl, activation 2, recovery 1, recovery 2) (P>0.1).

At rest mean Ty, was (Water-NAA shift based) 37.60°C (SD 0.20), (Water-Cr shift based)
37.60 (SD 0.20) (Table 2), t test: P>0.1.

Mean Ty, at 2 minutes after beginning of visual stimulation was 37. 60 (SD 0.20)(P>0.1)
and at 4 minutes mean Ty, was 37. 60 (SD 0.25) (P>0.1).

Mean Ty, at 2 minutes after the end of visual stimulation was 37.60 (SD 0.20)(P>0.1) and at
4 minutes after the end of visual stimulation mean T, was 37. 60 (SD 0.20)(P>0.1).

Discussion

This is the first study observing sequential brain temperature variations across different func-
tional states. We used a large temporal window since the time constant of the temperature
change is of several seconds to minutes [5].

Ty, at rest was higher than body temperature in line with previous measurement [1]. The
Ty, of the stimulated region at first remained stable and then decreased slightly. These findings
help to explain contradictory results of short stimulation studies [15] versus longer stimulation
studies [16]. We chose to study the visual cortex because visual activation of the brain appears
optimal given the high oxidative metabolism [4, 11] and high levels of oxidative phosphoryla-
tion enzymes in the visual cortex [17]. Additionally, visual stimuli can be easily graded [18].

Intense heat production is an essential feature of brain energetics, with most of the energy
used for brain functioning eventually released as heat [19]. In the brain, heat is produced most-
ly by mitochondrial oxidative chemical reactions. Basal heat production within the brain is
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high and is dissipated through the circulation and by conduction through the skull. Most of the
heat is dissipated through CBF, with venous blood leaving the brain at a higher temperature
than the incoming arterial blood [1, 19].

Under normal circumstances at interior locations in brain, increases of CBF are expected to
reduce T}, whereas increases in metabolism are expected to increase Ty, (1).

Glycolisis, that releases less heat per mole of glucose than oxidative respiration, seems to
prevail in the first part of brain activation whereas respiration prevails in the second part [20].
During functional activation, CBF increases significantly, and brain metabolism also increases
but it is unclear the exact timing of these changes and their relationship.

During activation, our data may be explained by a change of the ratio between CBF and glu-
cose or oxygen metabolism [19-22]. Previous work has shown that CBF returns to the baseline
almost immediately after the end of brain activation [21], whereas oxygen metabolism as well
as glucose metabolism remain elevated longer [21, 22]. As a result, an excess of heat is released
from the brain that is not adequately removed by increased CBF. This explains why T, in-
creases in the first 3-4 minutes of the post activation phase and then returns towards baseline
values afterward when oxygen metabolism decreases [21]. This is the first report showing that
in humans Ty, increases once activation is over, that is, after the end of increased neuronal fir-
ing. This finding has several implications. First, neuronal firing is not a major source of heat re-
lease itself. Second, it shows that there is an aftermath of the increased brain activity that
extends for several minutes beyond the activation phase itself and that this aftermath is dynam-
ic with a progressive return to baseline conditions. This must be taken into account if a new
stimulation is delivered to the brain before a proper post activation/ recovery interval is ob-
served: in this case the starting conditions differ from when a proper post activation interval is
observed. This may be important in the planning of MR BOLD studies since oxygen release
from hemoglobin is temperature dependent [15, 16].

Temperature influences several biochemical and physiological parameters involved in brain
temperature control [1]. The change of 0.60°C that we found in the visual cortex temperature
between the second part of visual stimulation and the first part of recovery represents physio-
logically a very consistent temperature change in a short time, that may heavily influence brain
functioning. In studies on perfused brain slices, temperature increases enhance oxygen metab-
olism [1]. The consequences of changes in brain temperature on CBF are somewhat controver-
sial, with some evidence that selective brain cooling increases CBF above control levels [1].

Most physical and chemical processes are affected by temperature, with various effects of
temperature changes on passive membrane properties, single neuronal spike, and spike bursts,
and on the neuronal responses induced by direct and indirect electric stimulation of tissue or
its afferent pathways [1, 23-25].

Small temperature variations affect protein conformation and assembly, and alters protein
expression [1, 23]. Temperature also strongly modulates neurotransmitter release [1, 25].

Neuronal activity is temperature dependent with neuronal firing increasing with increased
temperature [1, 24]. As a consequence, brain may be more ready to activate immediately after
activation than at rest. The increase of glucose and oxygen metabolism in the post activation
phase is explained, at least partly, by increased local temperature. In fact, chemical reactions
are temperature dependent with high temperature increasing brain metabolism [1, 26].

The maintenance of a stable temperature is of utmost importance for the proper functioning
of the brain. The brain is the most heat-sensitive organ in the human body [1], and mitochon-
drial and plasma membranes are the most temperature-sensitive cellular elements with hyper-
thermia potentiating the cytotoxic effects of reactive oxygen species [1, 23]. Some diseases are
worsened by increased temperature. For example, multiple sclerosis symptoms worsen when
environment temperature increases. Seizure also are induced by increased body temperature as
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well as by visual stimulation. It cannot be ruled out, therefore, that repeated prolonged brain
stimulation are deleterious in these diseases and studies to investigate this should
be performed.

Some technical issues on MR thermometry worth discussing. It has been reported that fre-
quency differences for water on the order of 0.014 ppm may be found between WM, GM and
CSF [27]. For this reason we used the same method as in the the original papers by Cady and
Corbett where they used temperature sensors and validated the MRS thermometry in a tissue
that contained a mixture of gray and white matters, as we did in our study investigating a mix-
ture of gray and white matter around the visual cortex. We also studied white matter alone:
however the purpose here was to detect whether temperature would change in the different
states independently from the absolute temperature value and not to determine its absolute
value. Moreover, we obtained temperatures from the shift between water and Cr, that, unlike
the water-NAA distance, is not dependent [27] on the tissue studied and we found overlapping
results. Also, it was reported in [28] that NAA peak actually consists of two peaks—NAA and
NAAG shifted by about 0.03ppm. However, NAAG concentration in normal brain tissue is
somewhere between one third-fifth to 1 tenth of NAA [28, 29], therefore is not likely to influ-
ence significantly NAA peak frequency and therefore temperature measurement. Pragmatical-
ly, temperature measured from water Cr shift did not differ from temperature measured by
water NAA shift in our study. Blood magnetic susceptibility changes during functional activa-
tion (BOLD effect). can also cause, in theory, a change in the resonance frequencies of water
and NAA. However, a paper from Zhu and Chen [30] shows that bold effect affects equally
water and NAA in terms of linewidth and height this meaning the susceptibility changes in-
duced by BOLD affect in the same manner water and NAA. Therefore, we expect also frequen-
cy to be equally affected for water and NAA with the frequency distance between water and
NAA being unaffected as a result.Moreover, the BOLD effect affects, concomitantly, and, al-
most immediately, gray and white matter in the same direction within a single state, meanwhile
temperature changes only after some minutes of activation, this suggesting that frequency
changes are actually, mostly, temperature dependent.

In summary, visual cortex Ty, during activation Ty, remains unchanged at first and then
shows a small decrease around the baseline value. After the end of activation Ty, increases con-
sistently and then returns to baseline values after some minutes. Centrum semiovale T, in-
stead remains unchanged through rest, visual stimulation and recovery.

It follows that neuronal firing itself is not a major source of heat release in the brain and that
there is an aftermath of increased brain firing that lasts minutes before returning to baseline
conditions.

Author Contributions

Conceived and designed the experiments: MR CB NB. Performed the experiments: MR CB
NB. Analyzed the data: MR CB NB. Contributed reagents/materials/analysis tools: MR CB NB.
Wrote the paper: MR CB NB.

References

1. Rango M, Arighi A, Bresolin N. Brain temperature: what do we know?. Neuroreport. 2012 May 30; 23
(8):483-7. doi: 10.1097/WNR.0b013e3283534a60 PMID: 22549262

2. Pennes H. H.. Analysis of tissue and arterial blood temperature in the resting human forearm. J. Appl.
Physiol. 1948; 1:93—-122. PMID: 18887578

3. Sukstanskii AL, Yablonskiy DA. Theoretical model of temperature regulation in the brain during
changes in functional activity. Proc Natl Acad Sci USA 2006; 103:12144-12149. PMID: 16880401

PLOS ONE | DOI:10.1371/journal.pone.0127314 May 26, 2015 10/12


http://dx.doi.org/10.1097/WNR.0b013e3283534a60
http://www.ncbi.nlm.nih.gov/pubmed/22549262
http://www.ncbi.nlm.nih.gov/pubmed/18887578
http://www.ncbi.nlm.nih.gov/pubmed/16880401

@’PLOS ‘ ONE

Post-Activation Brain Warming

10.

11.

12

13.

14.

15.

16.

17.
18.

19.
20.

21.

22,

23.

24.

25.

26.

27.

Trubel HK, Sacolick LI, Hyder F. Regional temperature changes in the brain during somatosensory
stimulation. J Cereb Blood Flow Metab 2006; 26:68—78. PMID: 15959461

Kiyatkin EA, Brown PL,Wise RA. Brain temperature fluctuation: a reflection of functional neural activa-
tion. Eur J Neurosci 2002; 16:164—168. PMID: 12153543

George JS, Lewine JD, Goggin AS, Dyer RB, Flynn ER. IR thermal imaging of a monkey’s head: local
temperature changes in response to somatosensory stimulation. Adv Exp Med Biol 1993; 333:125—
136. PMID: 8362657

Gorbach AM, Heiss J, Kufta C, Sato S, Fedio P, Kammerer WA, Solomon J, Oldfield EH. Intraoperative
infrared functional imaging of human brain. Ann Neurol 2003; 54:297-309. PMID: 12953262

Katz-Brull R, Alsop DC, Marquis RP, Lenkinski RE. Limits on activation induced temperature and meta-
bolic changes in the human primary visual cortex. Magn Reson Med 2006; 56:348-355. PMID:
16791859

Yablonskiy DA, Ackerman JJ, Raichle ME. Coupling between changes in human brain temperature
and oxidative metabolism during prolonged visual stimulation. Proc Natl Acad Sci USA 2000;
97:7603-7608, Erratum in: Proc Natl Acad Sci USA 2000; 97:9819. PMID: 10861022

Rango M, Castelli A, Scarlato G. Energetics of 3.5 s neural activation in humans: a 31P MR spectrosco-
py study. Magn Reson Med. 1997 Dec; 38(6):878-83. PMID: 9402187

Cady EB, D’Souza PC, Penrice J, Lorek A. The estimation of local brain temperature by in vivo 1H mag-
netic resonance spectroscopy. Magn Reson Med 1995; 33:862—-867. PMID: 7651127

Corbett R, Laptook A, Weatherall P. Noninvasive measurements of human brain temperature using vol-
ume-localized proton magnetic resonance spectroscopy. J Cereb Blood Flow Metab 1997; 17:363—
369. PMID: 9143218

Corbett RJ, Laptook AR, Tollefsbol G, Kim B.Validation of a noninvasive method to measure brain tem-
perature in vivo using 1H NMR spectroscopy. J Neurochem. 1995 Mar; 64(3):1224—-30. PMID: 7861155

Zhu M, Bashir A, Ackerman JJ, Yablonskiy DA. Improved calibration technique for in vivo proton MRS
thermometry for brain temperature measurement. Magn Reson Med. 2008 Sep; 60(3):536—41. doi: 10.
1002/mrm.21699 PMID: 18727039

Kim SG, Ogawa S.Biophysical and physiological origins of blood oxygenation level-dependent fMRI
signals. J Cereb Blood Flow Metab. 2012 Jul; 32(7):1188-206. doi: 10.1038/jcbfm.2012.23 PMID:
22395207

Siggaard-Andersen O, Wimberley PD, Géthgen I, Siggaard-Andersen M. A mathematical model of the
hemoglobin-oxygen dissociation curve of human blood and of the oxygen partial pressure as a function
of temperature. Clin Chem. 1984 Oct; 30(10):1646-51 PMID: 6478594

Martin JH (1996) Neuroanatomy. Stanford, CA: Appleton & Lange; 17:345-6.

Marrett S, Fujita H, Kuwabara H, Yasuhara Y, Ribiero L, Meyer E, Evans AC, Gjedde A (1992) Stimulus
specific increase of oxidative metabolism in visual cortex. Society for Neuroscience Abstracts 18:1394
rebral blood flow in rats.

Siesjo B. Brain energy metabolism. New York: Wiley; 1978; 4:79-83.

Frahm J, Kriiger G, Merboldt KD, Kleinschmidt A. Dynamic uncoupling and recoupling of perfusion and
oxidative metabolism during focal brain activation in man. Magn Reson Med. 1996 Feb; 35(2):143-8.
PMID: 8622575

Lu Hanzhang, Golay Xavier, Pekar James J., and van Zijl Peter C. M. Sustained Poststimulus Elevation
in Cerebral Oxygen Utilization After Vascular Recovery. Journal of Cerebral Blood Flow & Metabolism
24:764-770 © 2004.

Madsen PL, Linde R, Hasselbach S, Paulson O, Lassen N.Activation-induced resetting of cerebral oxy-
gen and glucose uptake in the rat. JCBF 1998 18:742-748.

Kiyatkin EA. Brain temperature homeostasis: physiological fluctuations and pathological shifts. Front
Biosci 2010; 15:73-92. PMID: 20036808

Tang B, Kalatsky VA. Influence of body temperature on the evoked activity in mouse visual cortex.
Brain Imaging Behav. 2013; Jun; 7(2):177-87. doi: 10.1007/s11682-012-9212-1 PMID: 23232799

Volgushev M, Vidyasagar TR, Chistiakova M, Yousef T, Eysel UT. Membrane properties and spike
generation in rat visual cortical cells during reversible cooling. J Physiol. 2000 Jan 1; 522 Pt 1:59-76.
Erratum in: J Physiol 2000 Nov 1;528(Pt 3):669.

Siegel GJ, Albers RW, Agranoff BW, Katzman R (1981) Basic neurochemistry. Boston, MA: Little
Brown; 13:231-4.

Chadzynski GL, Bender B, Groeger A, Erb M, Klose U. Tissue specific resonance frequencies of water
and metabolites within the human brain.  Magn Reson. 2011; 212(1):55-63. Epub 2011/07/15. doi: 10.
1016/j.jmr.2011.06.009 PMID: 21752679

PLOS ONE | DOI:10.1371/journal.pone.0127314 May 26, 2015 11/12


http://www.ncbi.nlm.nih.gov/pubmed/15959461
http://www.ncbi.nlm.nih.gov/pubmed/12153543
http://www.ncbi.nlm.nih.gov/pubmed/8362657
http://www.ncbi.nlm.nih.gov/pubmed/12953262
http://www.ncbi.nlm.nih.gov/pubmed/16791859
http://www.ncbi.nlm.nih.gov/pubmed/10861022
http://www.ncbi.nlm.nih.gov/pubmed/9402187
http://www.ncbi.nlm.nih.gov/pubmed/7651127
http://www.ncbi.nlm.nih.gov/pubmed/9143218
http://www.ncbi.nlm.nih.gov/pubmed/7861155
http://dx.doi.org/10.1002/mrm.21699
http://dx.doi.org/10.1002/mrm.21699
http://www.ncbi.nlm.nih.gov/pubmed/18727039
http://dx.doi.org/10.1038/jcbfm.2012.23
http://www.ncbi.nlm.nih.gov/pubmed/22395207
http://www.ncbi.nlm.nih.gov/pubmed/6478594
http://www.ncbi.nlm.nih.gov/pubmed/8622575
http://www.ncbi.nlm.nih.gov/pubmed/20036808
http://dx.doi.org/10.1007/s11682-012-9212-1
http://www.ncbi.nlm.nih.gov/pubmed/23232799
http://dx.doi.org/10.1016/j.jmr.2011.06.009
http://dx.doi.org/10.1016/j.jmr.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21752679

@. PLOS ‘ ONE Post-Activation Brain Warming

28. Edden RA, Pomper MG, Barker PB. In vivo differentiation of N-acetyl aspartyl glutamate from N-acetyl
aspartate at 3 Tesla. Magn Reson Med. 2007; 57(6):977-82. Epub 2007/05/31. PMID: 17534922

29. Pouwels PJ, Frahm J.Differential distribution of NAA and NAAG in human brain as determined by quan-
titative localized proton MRS. NMR Biomed. 1997 Apr; 10(2):73-8. PMID: 9267864

30. Zhuand Chen. Observed BOLD effects on cerebral metabolite resonances in human visual cortex dur-
ing visual stimulation: a functional (1)H MRS study at 4 T. Magn Reson Med. 2001 Nov; 46(5):841-7.
PMID: 11675633

PLOS ONE | DOI:10.1371/journal.pone.0127314 May 26, 2015 12/12


http://www.ncbi.nlm.nih.gov/pubmed/17534922
http://www.ncbi.nlm.nih.gov/pubmed/9267864
http://www.ncbi.nlm.nih.gov/pubmed/11675633

