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Brain temperature is elevated in acute ischemic stroke, especially in the ischemic penumbra (IP). We attempted to investigate the
dynamic evolution of brain temperature in different ischemic regions in a monkey model of middle cerebral artery occlusion. The
brain temperature of different ischemic regions was measured with proton magnetic resonance spectroscopy (‘H MRS), and the
evolution processes of brain temperature were compared among different ischemic regions. We found that the normal (baseline)
brain temperature of the monkey brain was 37.16°C. In the artery occlusion stage, the mean brain temperature of ischemic tissue
was 1.16°C higher than the baseline; however, this increase was region dependent, with 1.72°C in the IP, 1.08°C in the infarct
core, and 0.62°C in the oligemic region. After recanalization, the brain temperature of the infarct core showed a pattern of an
initial decrease accompanied by a subsequent increase. However, the brain temperature of the IP and oligemic region showed a
monotonously and slowly decreased pattern. Our study suggests that in vivo measurement of brain temperature could help to

identify whether ischemic tissue survives.

1. Introduction

An elevation in brain temperature is common in acute
ischemic stroke and is associated with a worse outcome [1-
3]. One potential explanation is that pyrexia increases the
brain temperature and the brain metabolic rate and could
result in a more rapid exhaustion of limited energy and
oxygen supplies and the increased production of free radicals
and other toxic substances in ischemic tissue [4, 5]. For
different blood flow and metabolic states, brain temperature
could be different in different regions of ischemic tissue, that
is, the infarct core, ischemic penumbra (IP), and the oligemic
region.

Conventional methods of measuring brain temperature
by invasive probes may monitor only one or a few locations

simultaneously and cursorily, and they are difficult to
be accepted clinically [6, 7]. Several magnetic resonance
parameters can be used for the noninvasive measurement
of regional temperatures, including the diffusion coefficient,
the longitudinal relaxation time constant (T1), and the
proton resonance frequency (PRF), and the latter is more
popular [8, 9]. Magnetic resonance (MR) spectroscopic
techniques are, in principle, capable of estimating absolute
temperatures. Therefore, it is possible to more accurately
measure brain temperature in different regions of ischemic
lesions, especially in the IP.

Many experimental and clinical studies have focused
on brain temperature in the fields of cerebral infarction
measured by magnetic resonance spectroscopy (MRS) [6, 10,
11]. The brain temperature is elevated in the ischemic brain
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soon after stroke, prior to any increase in body temperature,
and is significantly higher in probable penumbral tissue than
in the infarct core or normal brain [2, 12]. A previous study
[13] found that there was a significant difference in brain
temperature between ischemic tissue and the contralateral
normal hemisphere in patients with middle cerebral artery
occlusion. Additionally, the brain temperature of ischemic
tissue could increase with the enlargement of lesion volume.
However, there have been no reports on the detailed evo-
lution of brain temperature in different regions of ischemic
lesion at the early stage of onset.

In this work, we modified equations to measure brain
temperature based on MRS PRF techniques in a physiological
solution and used the final equation to calculate the brain
temperature of different regions in ischemic lesion before
and after reperfusion, especially the IP, in monkey middle
cerebral artery occlusion (MCAQO) models.

2. Materials and Methods

2.1. Animal Model. The experiment was approved by the
Animal Care and Use Committee of Tianjin Medical Univer-
sity. Six mature male monkeys (Cynomolgus macaque) with a
mean weight of 8.6 kg (range from 8 to 10 kg) were supplied
by Experimental Animal Center of Beijing Military Medical
Academy.

All animals were fasted for 12—15 hours before the exper-
iment. Anesthesia was induced by ketamine (0.25 mg intra-
muscular) and atropine (8-10mg/kg intramuscular) fol-
lowed by 100 mg ketamine and 50 mg diazepam in a 500 mL
NS intravenous drip. Physiological parameters, such as res-
piration, heart rate, body temperature, and blood pressure,
were monitored.

The MCAO model was established through an autothro-
mbus interventional method [14]. A one-inch incision
was made in the right femoral groove, and the femoral
artery and vein were isolated. The right femoral artery was
punctured, and a 5 French catheter sheath was inserted. The
5 French catheter was introduced over a guide wire and
navigated under fluoroscopy in a common carotid artery
in close proximity to the internal carotid artery. A 1.7
French microcatheter (Prowler 10 with two markers, Cordis
Corporation, 0.55mm outside diameter) was introduced
over a transcend microwire (Cordis). The microcatheter
and the microguide wire were navigated into a selected
branch of the middle cerebral artery (MCA) and advanced
into a wedged position. The animals were maintained on
a slow, continuous, heparinized drip infusion (100 U/hour)
during the ischemia period. After one hour of ischemia, the
microguide wire was removed, and the animal was analyzed
with a magnetic resonance imaging (MRI) scanner. If cere-
bral ischemia was confirmed by diffusion-weighted imaging
(DWTI), the microcatheter was removed, and 250,000 units of
urokinase in 50 mL normal saline (NS) was infused with a
high-pressure injector (2 mL/min). Effective reperfusion was
confirmed by angiograms.

2.2. MRI and MRS Examination. MRI and MRS were per-
formed with a GE 1.5T Twin Speed Infinity with Excite
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I magnetic resonance system 1h after occlusion and 1h,
3h, 6h, 12h, and 24h after recanalization. In addition,
MRS was performed before occlusion to acquire normal
brain temperature. We performed DWI, perfusion-weighted
imaging (PWI), and T,-weighted imaging (T>,WI) with
a head coil. The T,WI parameters were the following:
repetition time (TR) = 4000 ms; echo time (TE) = 106.4 ms;
averages = 2; slice thickness = 2.5mm; gap = 0 mm; field
of view (FOV) = 18 cm X 18 cm; and matrix = 288 X 256.
DWI was obtained using a single-shot spin-echo echo planar
sequence with TR = 6000 ms; TE = 96.8 ms; averages = 2; b =
1000 s/mm?; FOV = 18 cm X 18 cm; and matrix = 128 X
128. PWI was obtained using a single-shot gradient-recalled
echo planar imaging T,*WI sequence, that is, dynamic
susceptibility contrast (DSC) MRI, with TR = 2000 ms;
TE = 80ms; average = 1; FOV = 18cm X 18cm; and
matrix = 128 X 128. A Gd-DTPA bolus (0.1 mmol/kg) was
administered with a power injector at a rate of 2 mL/s, and
10 mL of isotonic saline was injected to wash the pipe. A total
of 330 slices were acquired.

We used multivoxel point-resolved-spectroscopy-
(PRESS-) localized proton MRS with the voxel grid centered
on the slice showing the maximum ischemic lesion on DWI.
The imaging parameters were the following: TR = 1500 ms,
TE = 135ms, FOV = 18cm X 18 cm, matrix = 24 X 24,
slice thickness = 10 mm, and total acquired time = 9'6".
The voxel grid (1 mL) was carefully placed within the brain
to include as much of the visible ischemic lesion ipsilateral
and contralateral normal brain as possible and to avoid
contamination of the spectra with the lipid signal from
bone marrow or subcutaneous fat. Almost thirty available
voxel grids were obtained. We collected standard three-pulse
chemical shift-selective (CHESS) water suppression and
nonsuppression imaging. The spectroscopic data of water
suppression were obtained with a 99% suppression level.

2.3. Brain Temperature Calculation. Spectroscopic data were
analyzed with the Java-based magnetic resonance user inter-
face (jJMRUI, http://www.mrui.uab.es/mrui/) package, spec-
troscopic time domain analysis software. Initially, the zero-
order phase correction of the water proton peak (effectively
bringing water to a chemical shift of 4.70 ppm) was per-
formed, and the residual water signal was then removed
using the Hanckel-Lanczos Singular Value Decomposition
(HLSVD) method. Spectroscopic data were Fourier trans-
formed for display and visual quality control purposes using
the Advanced Method for Accurate Robust and Efficient
Spectral Fitting (AMARES) algorithm within the jMRUI
package. Gaussian components were modeled in the time
domain, including choline (Cho), creatine (Cr), N-acetyl
aspartate-containing compounds (NAA), and lactate (Lac).
The chemical shifts (i.e., frequency) of the fitted metabolite
peaks were reported to a precision of 0.001 ppm to confirm
the chemical shifts of NAA. Spectra were automatically
discarded if the fitted line widths were less than 1Hz or
greater than 10Hz. We inspected the spectroscopic data
visually and discarded voxels laying on the edges of the
PRESS excitation region, voxels containing cerebrospinal
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fluid (CSF) and those with poor quality, for example, having
a badly elevated baseline or containing spurious peaks.

Temperature T was derived from the chemical shift of
water (CSp,0) using the following equation:

T = Tret+ k(CSi,0 — CSref). (1)

CSrer is the (temperature-independent) chemical shift of
a reference compound, k is the coefficient of proportion-
ality, and Ty is the reference temperature. Temperature-
dependent changes in hydrogen bonding cause the water
chemical shift to vary linearly with temperature at 0.01 ppm
per °C. In our scanner, with 4.7 ppm as the chemical shift
of water and 37°C as the reference temperature, (1) was
changed to the following:

T =37+ 100(CSnaa — CSNAAref). (2)

CSnaa is the apparent chemical shift of NAA, and CSnaaref
is the reference chemical shift of NAA. We measured the
temperature of a physiological solution (NAA 12.5 mMol, Cr
10.0 mMol and Cho 3.0 mMol) with constant temperature
equipment to acquire the CSnaaref, which could be fit to
the MR scan. There was a linear correlation between the
PRF and the temperature of the solution ranging from 34°C
to 44°C, and the value of CSnaaref Was 2.039 ppm by this
method. Therefore, the following was used to calculate the
brain temperature of each voxel grid in our study:

T = 37 + 100(CSnaa — 2.039). (3)

2.4. Definition of Different Ischemic Regions. The mean
transit time (MTT) map of PWI was processed by perfusion
software using a GE Sun AW4.2 workstation, and the final
infarct lesion was defined as abnormal signal intensity on
T,WI at 24h of the reperfusion stage. We classified the
ischemic lesion (abnormal signal intensity on MTT) into
three types of tissue by DWI and MTT at the artery occlusion
stage and T, WI at 24 h of the reperfusion stage: the infarct
core had high signal intensity on both DWI and T, WI, the IP
had high signal intensity on DWI but normal on T, WI, and
the oligemic region had normal signal intensity on both DWI
and T, WI but abnormal signal intensity on MTT (Figure 1).
If one type of tissue was greater than 75% within one voxel
grid of MRS, we named the voxel grid as this type of tissue.
The brain temperature of each voxel grid and the mean and
standard deviation of brain temperature for each tissue voxel
category were calculated.

2.5. Statistical Analysis. Statistical analysis was performed
with the SPSS 11.0 software package. Differences were
considered statistically significant at P < 0.05. The paired ¢-
test was used to analyze the differences in brain temperature
between normal bilateral hemispheres and between different
ischemic regions and the contralateral brain. One-way
ANOVA was performed between the brain temperature of
three types of tissues.

3
TABLE 1: Normal brain temperature of monkeys.
No. Temperature (°C)
Left hemisphere Right hemisphere
1 37.05 (0.26) 37.07 (0.27)
2 37.13 (0.36) 37.11 (0.38)
3 37.26 (0.26) 37.28 (0.23)
4 37.12 (0.24) 37.15 (0.25)
5 37.23 (0.18) 37.24 (0.21)
6 37.16 (0.28) 37.17 (0.24)
Total 37.16 (0.21) 37.17 (0.23)

Note. Data are expressed by means (standard deviation).

3. Results

3.1. Normal Brain Temperature of the Monkey. The normal
(baseline) brain temperature of the six monkeys was mea-
sured before the operation (Table 1). The mean baseline
brain temperature was 37.16°C in left hemispheres, 37.17°C
in right hemispheres, and 37.16°C in bilateral hemispheres.
There was no significant difference in the baseline brain
temperature between the bilateral hemispheres by paired ¢-
test (t = —1.659, P > 0.05).

3.2. Evolution of Brain Temperature in Monkey MCAO
and Reperfusion Models. MCAO models were successfully
established in four out of the six monkeys, including one
right and three left sides. Two monkeys were dead at 2 and
14 hours after reperfusion, respectively, probably because of
large area of hemorrhagic infarction. And their data were not
included in this study. Table 2 shows the brain temperature of
different ischemic tissues and the contralateral hemisphere
at the artery occlusion stage (0h) and different time points
of the reperfusion stage. At the artery occlusion stage, the
mean brain temperature of ischemic tissue was 1.16 + 0.15°C
higher than the baseline brain temperature. The increase
in brain temperature was region dependent, with 1.72 +
0.08°C in the IP, 1.08 = 0.19°C in the infarct core, and
0.62 = 0.14°C in the oligemic region compared to the basal
brain temperature. In the reperfusion stage, the evolution
of brain temperature differed in the infarct core, IP and
oligemic region (Figure 2). After recanalization, the brain
temperature of the infarct core showed a pattern of an initial
decrease accompanied by a subsequent increase. However,
the brain temperature of the IP and oligemic region showed a
monotonously and slowly decreased pattern. The brain tem-
perature of the contralateral hemisphere increased slightly
(0.23°C) compared to the baseline brain temperature.

Table 3 shows the differences in brain temperature
between different ischemic tissues and the contralateral
hemisphere. There were significant differences in brain tem-
perature between the infarct core and contralateral hemi-
sphere at Oh, 1h, 12h, and 24 h, between the IP and con-
tralateral hemisphere within 6h, and between the oligemic
region and the contralateral hemisphere within 3h (P <
0.05), while no significant differences were found between
the infarct core and contralateral hemisphere at 3h and 6 h,
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FIGURE 1: Definition of different ischemic regions. DWI (a) and MTT (c) at the artery occlusion stage and T,WTI (b) at 24 h are used to
define the infarct core, IP, and oligemic region. On the localized DWI of MRS (d), overlapped imaging shows the infarcted core (white), IP
(yellow), and oligemia (red).

TaBLE 2: The brain temperature of different ischemic tissues and contralateral hemisphere at artery occlusion stage (0 h) and different time
points of reperfusion stage in monkey MCAO model.

Time after modeling (hours) Temperature (*C)

Infarct core P Oligemia region Contralateral hemisphere
0 38.26 (0.27) 38.90 (0.19) 37.80 (0.14) 37.46 (0.14)
1 37.81 (0.26) 38.34 (0.38) 37.92 (0.34) 37.37 (0.46)
3 37.21(0.36) 38.29 (0.23) 37.79 (0.33) 37.41 (0.37)
6 37.26 (0.29) 38.22 (0.25) 37.59 (0.35) 37.31 (0.32)
12 38.48 (0.17) 37.56 (0.28) 37.49 (0.38) 37.33 (0.39)
24 38.63 (0.19) 37.47 (0.35) 37.29 (0.35) 37.28 (0.45)

Note. Data are expressed by means (standard deviation).

between the IP and contralateral hemisphere at 12hand 24h,  temperature of different ischemic tissues at different time
or between the oligemic region and contralateral hemisphere ~ points (Table 4). There were significant differences in the
at and after 6h (P > 0.05). brain temperature among different ischemic tissues at each

time point (F values were 27.64, 8.32, 26.46, 21.55, 27.64,
3.3. Differences in Brain Temperature among Different Ischem- ~ and 47.90 at0 h,1h,3h,6h,12h,and 24 h, resp., P < Q~05)-
ic Regions. One-way ANOVA was performed on the brain Bonferroni’s method was used for post hoc comparisons.
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TaBLE 3: Paired t-test of brain temperature between different ischemic tissues and contralateral hemisphere in monkey MCAO model

(t value).

Time (h) Infarct core and contralateral hemisphere  IP and contralateral hemisphere  Oligemia region and contralateral hemisphere
0 5.383* 9.69* 2.788*

1 2.961* 6.527* 3.028*

3 —1.346 5.922* 2.557*

6 —-0.336 6.124* 1.884

12 7.739* 1.548 1.077

24 9.085 1.279 0.067

Note. *represents P < 0.05.
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FIGURE 2: Evolution of the brain temperature of different ischemic
regions and the contralateral hemisphere at the artery occlusion
stage (0 h) and reperfusion stage in the monkey MCAO model.

There were significant differences in brain temperature
between the infarct core and IP at each time point, between
the IP and oligemic region within 6h, and between the
infarct core and oligemic region at Oh, 3h, 12h, and 24h
(P < 0.05), while there were no significant differences
between the IP and oligemic region at 12h and 24h or
between the infarct core and oligemic region at 1h and 6h
(P > 0.05).

4. Discussion

Previous studies of brain temperature were limited by the
reliance on invasive measurement techniques, such as probes
inserted in brain tissue [15-17]. In this situation, the brain
temperature could be lower than the actual temperature if
the brain surface was exposed to cooler environmental air.
Invasive techniques may inevitably induce local microlesions
and inflammatory responses adjacent to probes, which
might affect brain temperature. Infrared thermometry is
a noninvasive method, but it fails to measure the deep
brain temperature due to the limited depth penetration
and cannot make an accurate localization because of the
limited spatial resolution of this method. MRS is a validated
method for noninvasively measuring brain temperature
using the principle that the water frequency shift relative
to N-acetyl aspartate is temperature dependent [8, 10, 18].

Moreover, MRS thermometry could avoid most of the above-
mentioned weaknesses of other methods.

Because equations for calculating brain temperature
(especially CSnaarer) are dependent on the MR scanner
and sequence parameters, the temperature equation can be
modified based on in vivo models or healthy volunteers
[18]. In our study, we used a physiological solution within
a constant temperature to acquire the CSxaarer. Therefore,
the CSxaarer Was more accurate to calculate the brain
temperature.

There are also several limitations regarding MRS ther-
mometry. The signal intensity from NAA as a chemical
shift reference should be high enough for calculating the
temperature. However, NAA decreases gradually after a
stroke; as a consequence, studies of the temperature of
ischemic brain tissue by MRS should be limited in acute stoke
[18]. Another limitation is the environmental temperature of
the MR scanner. In most scanners, the temperature should
be 18-20°C perennially. The brain temperature would be
lower after a long-term examination. A previous study [12]
found that there was a statistically significant reduction in
temperature of 0.09°C per scan (P = 0.0001) across four
sequential MRS scans on 4 normal volunteers, presumably
due to cooling by the air current in the bore of the magnet
(or relative cerebral inactivity during the scan). In our study,
the MR examination was arranged as DWI, T, WI, PWI, and
MRS for 15 min for all of the time points, which can at least
partly reduce the effect of environmental temperature on the
longitudinal changes of brain temperature.

The perfusion state is critical for the temperature of the
brain tissue; for example, reduced blood flow could impair
heat exchange and result in a higher temperature in ischemic
tissue [2]. According to the perfusion state theory, the brain
temperature in the infarct core should increase the most
because it has the lowest blood flow. However, we found
that the highest increase in brain temperature was in the IP,
followed by the infarct core and the oligemic region at the
artery occlusion stage in the monkey MCAO model. This
finding suggests that the perfusion state was not the only
factor for brain temperature elevation in ischemic tissue, and
other factors might play a role.

The brain tissue temperature is mainly determined by
two processes, heat production and heat radiation. In the
infarct core, reduced blood flow induces the reduction of
heat radiation and increased anaerobic metabolism induces
the increase in heat production, which may both result in the
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TaBLE 4: ANOVA among brain temperature of different ischemic tissues and contralateral hemisphere in monkey MCAO model (P value).

Time (h) Infarct core and IP IP and oligemia region Infarct core and oligemia region
0 0.032* 0.007* 0.005*
1 0.004* 0.005* 0.287
3 0.003* 0.013* 0.011*
6 0.001* 0.011* 0.346
12 0.001* 0.078 0.035*
24 0.001* 0.135 0.024*
Note. *represents P < 0.05.
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FiGure 3: Evolution of rCBF and rMTT in different ischemic regions at the artery occlusion stage (0 h) and reperfusion stage in the monkey

MCAO model.

elevated brain temperature. In IP tissue, reduced blood flow
may induce the reduction of heat radiation, while an increase
in heat production is induced by the subsequent events,
including both aerobic and anaerobic metabolism [19-22],
inflammation and the release of excitatory amino acids [23,
24]. These complex processes may account for the higher
elevated brain temperature in the IP than in the infarct core
or oligemic regions at the artery occlusion stage. In addition,
uncoupling protein 2 (UCP-2) is a natural neuroprotective
factor in the human ischemic brain [25-28]. UCP-2 upreg-
ulation may regulate ATP synthesis by uncoupling oxidation
from phosphorylation, thus dissipating energy as local heat,
and may simultaneously be responsible for the early rise in
lesion brain temperature after stroke.

After recanalization, the brain temperature of the
ischemic tissue was decreased with time, which can be mainly
explained by the changes of the perfusion states in these brain
regions (Figure 3). In the infarct core, a temporary and rapid
increase in rCBF and shortening of the rMTT, that is, over-
perfusion, result in the clearance of accumulated heat, which
can account for the sharply decreased brain temperature.
However, after 6 h, both decreased rCBF and delayed MTT
lead to the reincrease in the temperature. In particular, at

12 h after recanalization, the brain temperature of the infarct
core was even higher than the IP and oligemic region and
was accompanied by the lowest rCBF and highest rtMTT in
the infarct core. However, the brain temperature of the IP
and oligemic region recovered to normal levels as in the con-
tralateral hemisphere without repeated elevation, suggesting
that the cells in these regions were viable or salvaged.

The brain temperature in the contralateral hemisphere
(which may be more closely related to body temperature) is
slightly elevated after a stroke, reflecting increased neuronal
activity in response to the ischemia [2]. Therefore, in our
study, the brain temperature in the ischemic region was eval-
uated by comparison with the baseline brain temperature,
which is more reasonable than the previously used method
that regarded the brain temperature of the contralateral
hemisphere as a control state.

In the present study, we focused on detailed changes in
the brain temperature of different ischemic tissues before
and after reperfusion by 'H MRS. We found that the IP
and infarct core showed different evolution patterns of
brain temperature, which may provide us with a method
to discriminate the IP from the infarct core. However, our
study also had some limitations. The first limitation is that
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the classification of different ischemic tissues in our study
was based on DWI and PWI at the artery occlusion stage
and T,WI at 24 h of the reperfusion stage. IP was defined
as low-perfusion tissue with high signal intensity on DWI
but normal intensity on T,WI, but this definition may miss
part of the IP tissue peripheral to the abnormal DWI regions
[29-31]. The second limitation is the relatively small sample
size of our study. The last limitation is that we do not
know whether the results obtained from the monkey MCAO
model can be generalized to human stroke patients. Further
studies are needed to overcome the above limitations and to
clarify the mechanism underlying the evolution of the brain
temperature of ischemic tissue.

5. Conclusion

After ischemic stroke, the infarct core and IP have different
evolution patterns of brain temperature, which suggests that
in vivo measurement of brain temperature could help to
identify whether ischemic tissue survives.
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