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Abstract

Background: While fluctuations in healthy brain temperature have been investigated over time
periods of weeks to months, dynamics over shorter time periods are less clear.

Purpose: To identify physiological fluctuations in brain temperature in healthy volunteers over
time scales of approximately 1 hour.

Study Type: Prospective
Subjects: 30 healthy volunteers (15 female; 26+4 years old)

Sequence and Field Strength: 3T; T1-weighted magnetization-prepared rapid gradient-
echo (MPRAGE) and semi-localized by adiabatic selective refocusing (SLASER) single-voxel
spectroscopy.

Assessments: Brain temperature was calculated from the chemical shift difference between
N-acetylaspartate and water. To evaluate within-scan repeatability of brain temperature and the
brain-body temperature difference, 128 spectral transients were divided into two sets of 64-spectra.
Between-scan repeatability was evaluated using two time periods, ~1-1.5 hours apart.

Statistical Tests: A hierarchical linear mixed model was used to calculate within-scan and
between-scan correlations (Ry, and Ry, respectively). Significance was determined at p<.05. Values
are reported as the mean + standard deviation.

Results: A significant difference in brain temperature was observed between scans (-0.4 °C)
but body temperature was stable (p=.59). Brain temperature (37.9£0.7 °C) was higher than body
temperature (36.5£0.5 °C) for all but one subject. Within-scan correlation was high for brain
temperature (R,,= 0.95) and brain-body temperature differences (~,,= 0.96). Between scans,
variability was high for both brain temperature (/7,=0.30) and brain-body temperature differences
(R=0.41).
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Data Conclusion: Significant changes in brain temperature over time scales of ~1 hour
were observed. High short-term repeatability suggests temperature changes appear to be due to
physiology rather than measurement error.

Keywords

MR thermometry; resting state brain; healthy brain temperature; brain-body temperature
differences

INTRODUCTION

Brain temperature is a key marker of brain health, reflecting cerebral blood flow

and volume, incoming arterial temperature, and metabolism (1). Fluctuations in brain
temperature in both healthy and injured mammals have been observed (2-7). During illness
or after trauma, increased brain temperature is recognized as a predictor for poor outcomes
(7-11). In animal models, temperature changes ranging from 2 — 4 °C in response to visual
and environmental stimuli have been observed (3,12). Brain temperature is generally higher
than body temperature, though the direction and magnitude of the gradient can be influenced
by a number of factors (e.g., environment, anesthesia) (4,12-14).

Most prior studies in humans have examined brain temperature fluctuations and the brain-
body temperature gradient at single time points or over time scales of weeks to months
(13,15,16). The presence and magnitude of short-term fluctuations in healthy humans are
less clear. Given the reliance of brain temperature homeostasis on cerebral blood flow and
oxygenated metabolism (1,17-21), combined with known fluctuations of these parameters
over both short and long time scales (2,18,19,22), healthy human brain temperature may also
fluctuate, even in resting conditions. MR-based thermometry has been used extensively in
the research environment and is a viable tool for non-invasive and repeated measurements
(5,16,23,24).

The aim of this study was to identify physiological fluctuations in brain temperature over
time scales of approximately 1 hour by characterizing changes in body, MR-measured brain,
and the brain-body temperature gradient using repeated measurements in healthy human
volunteers.

METHODS

MR Data Acquisition

This prospective study was approved by the local Institutional Review Board and all
subjects provided written informed consent prior to participation. MR data from 30
healthy volunteers (15 females; mean + standard deviation (SD) age=26+4 years old;
Table 1) were acquired on a 3T MR scanner (PrismaFit, Siemens, Erlangen, Germany)
with a 32-channel phased-array receive head coil. Structural images were acquired

with a T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) sequence
(TR/TI/TE=2300/900/3.39ms, flip angle=9°, field of view (FOV)=256x256mm?, matrix
size=192x192, 160 slices, slice thickness=1mm) and used to place the MR spectroscopy
(MRS) voxel. For chemical shift thermometry, single voxel MRS was acquired in the
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posterior cingulate cortex (Figure 1) twice on the same day, ~1-1.5 hours apart, using the
semi localized by adiabatic selective refocusing (SLASER) sequence (TR/TE=2000/68 ms;
flip angle=90°; averages=128; scan time=4 minutes and 40 s; spectral bandwidth=2000 Hz;
complex data points=2048; voxel size=2x2x2 cm3; variable power radiofrequency pulses
with optimized relaxation delays (VAPOR) water suppression (25) bandwidth=120 Hz;
non-water suppressed spectra acquired using the same parameters but averages=8). The
same MR operator (D.S., 4 years of experience) acquired all MRS data for consistency.
Subjects were instructed to rest during the scan, provided with a blanket upon request, and
acclimated to the temperature in the scanner for 22+1 minutes (range: 20 — 27 minutes) and
4513 (range: 40 — 53 minutes) prior to the first and second MRS acquisitions, respectively.
Between repeated acquisitions, subjects were removed from the scanner for 11+4 minutes
(range: 3 — 19 minutes) and allowed to ambulate if desired. As single voxel MRS data was
collected in the middle of a longer scan protocol for a larger study, most of the 1-1.5 hours
between time periods, with the exception of the ~10 minute break where the subject was
not in the scanner, was spent undergoing additional MR scans. Half of the subjects (n=15)
were scanned in the morning and the other half (n=15) were scanned in the afternoon due
to MR scanner availability. Body temperature was measured continuously during the scan
using an MR-compatible, fiber optic axillary thermometer (OPG-MPKS5, Opsens) and the
mean values during MR thermometry acquisition are reported. Ambient temperature in the
MR scanner suite was recorded before the start of the MR scan or during the break when the
subject was removed from the scanner.

MR Thermometry Analysis

Raw spectra (Siemens twix data format) from individual phased array coils were combined
using OpTIMUS (optimized truncation to integrate multi-channel MRS data using rank-R
singular value decomposition) (26). Temperature (°C) was calculated from the chemical shift
difference (AS [ppm]) between A-acetylaspartate (NAA) (water suppressed spectrum) and
water (non-water suppressed spectrum) as previously described (4,5,24). Briefly, the water
suppressed and non-water suppressed spectra (attenuated by 95%) were combined, fit in
LCModel (27), and the water and NAA chemical shifts were determined from the printfile
generated with LCModel. Temperature was then calculated using the relationship T = 37 +
100 (2.66 —AS)) (4,24,28). The second MRS scan for one subject was excluded as it could
not be fit reliably with LCModel.

To evaluate within-scan repeatability, the first 64 and the last 64 transients from the 4
minutes and 40 s scan for each MRS acquisition were combined separately, and temperature
was calculated for each spectrum. Thus, the average time between within-scan spectra was 2
minutes and 20 s. This was performed for both MRS acquisitions acquired in two separate
scans.

To evaluate potential sources of error or artifacts that may contribute to temperature
calculations, independent of physiological temperature changes, frequency drift and
differences in gray and white matter fraction between repeated measurements were
quantified. Transmission frequencies in Hz (labeled as ‘“MRFrequency’) were extracted from
Siemens rda header files. Frequency drift within paired non-water suppressed and water
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suppressed scans was evaluated at each time period (scan 1 and scan 2) for all subjects
(transmission frequency of non-water suppressed scan — transmission frequency of water
suppressed scan). The MRS voxel was co-registered to T1-weighted image space followed
by automated tissue segmentation using SPM to determine the fraction of gray and white
matter in each MRS voxel (29-31).

Statistical Analysis

RESULTS

Hierarchical linear mixed models (32) were used where brain temperature, body
temperature, or brain-body temperature difference was the response variable, period (i.e.,
scan number) was a fixed effect, and a subject random effect and a subject-period random
effect were included. The models contained three variance components: the subject-period
random effect variance, o;,; the subject random effect variance, o;; and the residual
variance, o.. The within-scan correlation between the response variables y,;, and y,,, was
then calculated as:

R, = corr(y,;, yn) = (05, + Gf)/(df,, +o + of), Equation 1

Where /denotes subject, jdenotes period, and the last index denotes the first 64 versus
second 64 transients (k and k, respectively). The between-scan correlation between the
response variables y,, and y,, (acquired from subject 7in period 1 and 2, respectively) does
not include the subject-period random effect variance (s7,) in the numerator because the
periods differ and was calculated as:

R, = corr(Yu Yor) = af/(o-f,, +o+ Gf) . Equation 2

Additionally, the intraclass correlation coefficients (ICCs) based on the mixed model
formulation for brain temperature calculated using the first 64 versus last 64 transients in
scan 1 and first 64 versus last 64 in scan 2. ICC was also calculated for the 128 transients
in scan 1 versus 128 transients in scan 2 (not controlling for period). A mixed model with
body temperature as the response, a fixed effect of period, and subject random effects was
also created and the between-scan correlation was reported (32).

The gray matter/white matter ratio in scan 1 and scan 2 were compared using a Wilcoxon
matched-pairs signed rank test. Lastly, brain temperature changes between time periods were
compared for subjects scanned in the morning and the afternoon using a Mann-Whitney U
test. The significance level was set at p<.05 for all analyses. Values are reported as the mean
+ SD unless otherwise noted.

Brain temperature ranged from 35.5 to 40.1 °C and mean + SD temperature for all subjects
was 38.1+0.6 °C (period 1) and 37.7+0.8 °C (period 2) (Figure 2a). Brain temperature
fluctuations within period 1 and within period 2 ranged from —0.9 to 0.8 (-0.2+0.4) °C
and —-0.4 t0 0.5 (0.1+0.2) °C, respectively. Mean = SD time difference between these

two time periods was 8046 minutes (range: 71 — 96 minutes). Brain temperature was
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significantly different between time periods (-0.4 °C drop in second period), and the brain
temperature in period 2 minus the brain temperature in period 1 ranged from -2.4 to 2.0
°C (calculated across pairs of repetitions). High repeatability of brain thermometry was
observed within scans (R,,=0.95). When comparing brain temperatures at different periods
(~1 hour apart), the between-scan repeatability was low (/;=0.30). Similarly, the ICC
between brain temperature calculated using the first 64 versus last 64 transients in scan 1
was 0.86; the ICC in scan 2 was 0.97; and the ICC between scans 1 and 2 was 0.18. Body
temperature did not differ between time periods (period 2 change = -0.03 °C, P = .59), and
the body temperature in period 2 minus the body temperature in period 1 ranged from —0.6
to 0.45 °C. Between scan repeatability of body temperature was high.

Similar results were observed for brain-body temperature differences. The brain-body
temperature gradient was positive for all but two within-scan measurements in one subject
(mean £ SD for all subjects was 1.6+0.8 °C (period 1) and 1.2+0.8 °C (period 2)) (Figure
2b). The brain-body temperature gradient decreased between periods (0.4 °C from the
first to second period) and the brain-body difference in period 2 minus the brain-body
difference in period ranged from —2.2 to 2.5 °C. Ten subjects had differences in the
brain-body temperature gradient of >+1°C across periods. The within-scan repeatability
and between-scan repeatability for brain-body temperature differences were /,,~=0.96 and
Ry=0.41, respectively.

Additional factors that could artifactually affect temperature calculations, for example,

due to hardware or software, were not statistically significant, as follows. There was no
significant difference in gray matter/white matter ratios for repeated measurements within
subjects (4.09 £+ 0.78 [period 1], 4.08 £ 0.80 [period 2], P = .91). Brain temperature changes
([period 2] - [period 1]) between subjects scanned in the morning compared to the afternoon
were also not significantly different (0.4 £ 0.94 [morning], —0.4 + 0.8 [afternoon], P =
.88). The approximate atmospheric temperature acquired by the axillary thermometer in MR
scanner suite was 20.4+1.1 °C (range for all acquisitions: 18.6 — 23.8 °C) Lastly, frequency
drift (transmission frequency of non-water suppressed scan — transmission frequency of
water suppressed scan) was 0 Hz within pairs of non-water suppressed and water suppressed
data for all scans and all subjects.

DISCUSSION

Over relatively short time periods (~1-1.5 hours), fluctuations in both brain temperature
and the brain-body temperature gradient were observed. Our study design, which included
repeated measurements over two time periods (within scan and between scans), enabled
differentiation between measurement error (within scan) and physiological changes in
temperature (between scans). The temperature change due to measurement error was not
significant, as the repeatability assessed by within-scan correlations for both brain and
brain-body temperature differences was very high but also voxel displacements between
scans assessed by gray and white matter ratio were not significant. Thus, variations over ~1
hour are attributed, at least in part, to physiological effects on this time scale due to ambient
temperature changes which affect both body and brain temperature, and to neural activity
which affects brain temperature. In contrast, body temperature over ~ 1-1.5 hours was
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stable for all subjects. The temperature in the scanner suite was ~20 °C and often decreased
over time. Participants were provided with blankets, which may have contributed to the
observed decrease in brain temperature but not body temperature. Marshall et al. performed
four ~10 minute multi-voxel MR thermometry scans in a single session, and voxel-wise
standard deviation for repeated measurements was 1.2 °C (28). While their reported standard
deviation is a combination of measurement error as well as physiological changes, reported
theoretical precision of 0.3 °C suggests the presence of short time frame fluctuations that are
due, in part, to physiology (28). Interestingly, Sharma et al. assessed reproducibility of MR
thermometry by performing two acquisitions in healthy volunteers ~12 weeks apart. Mean
brain temperature difference between the scans, across all voxels and subjects, was 0.4 °C,
consistent with our results after ~1 hour (16).

Importantly, external hardware or software variations that could artificially result in
temperature changes were well-controlled in our experiments. All scans were performed
using identical hardware (i.e., same MR scanner and phased-array head coil) and acquired
by a single MR operator, and repeated scans were acquired on the same day. MR chemical
shift thermometry is insensitive to field drifts due to the internal reference. As non-water
suppressed and water suppressed spectra, used to determine the water and NAA frequencies,
respectively, were acquired as separate scans, frequency drift between these pairs of scans
was evaluated. No frequency drift was observed between any scan pairs, suggesting this

was not a contributor to observed temperature variations. While small differences in voxel
position were present, there were no significant differences in the ratio of gray and white
matter between scans, suggesting susceptibility or metabolic differences between tissue
types was likely not a major contributor to brain temperature differences (13,33,34). We also
did not observe significant brain temperature differences across subjects as a function of the
time of day. These results further support the presence of brain temperature changes over a
short time period driven primarily by physiology or environment rather than measurement
error or other artifacts.

Global and mean brain and body temperatures have been shown to be closely associated in
previous animal and human studies (1,19,35); however, effects of anesthesia or averaging
across individuals over days or weeks confound some of the individual variation (4,16,36).
A review by Mcilvoy of 15 studies showed higher brain temperatures compared to body
temperatures across all studies with mean differences ranging from 0.4 to 2.5 °C (14). In
healthy non-human primates under anesthesia, highly correlated brain and body temperature
fluctuations have also been observed over several hours, with differences ranging from 0.1 —
1.2 °C (4).

Prior reports in healthy volunteers follow similar trends, though the magnitude of the
brain-body temperature gradient varies. Childs et al. observed mean brain-body temperature
differences of —0.8 to —0.1 °C in healthy volunteers, with body temperature calculated as the
mean of oral, tympanic, and temporal artery temperatures (13). In comparison, Nybo et al.
reported positive gradients of 0.2 °C or higher in healthy male subjects (37). Thrippleton et
al. reported weak positive associations between brain and body temperature with differing
association strength between oral and aural temperatures (36), suggesting some observed
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differences in the brain-body temperature gradient are likely due to the metric used for body
temperature.

Neural activity, environment, and normal physiology can modulate brain temperature in
healthy mammals as much as 1 — 2 °C (2). For example, previous work in humans has
observed brain temperature changes in response to visual stimulation. Using a flashing
visual stimulus, Rango et al. observed an average decrease in brain temperature (0.2 °C
below the initial temperature) after four minutes of the stimulus, followed by an increase

in brain temperature two minutes after the end of the stimulus (0.6 °C above the initial
temperature) (38). Similarly, Yablonskiy et al. observed mean decreases of 0.2 °C during a
four minute visual stimulus (21). Importantly, the direction and magnitude of temperature
changes varied between individuals in both of these prior studies, and changes as high as
+1 °C were observed, on the same order as the changes we observed. Visual or other neural
stimulation should affect brain temperature but not body temperature on short time scales,
and as a result, could alter the brain-body temperature gradient. While the direction of brain
temperature changes varied, we observed a mean decrease in brain temperature between
time periods across all subjects. Subjects were not instructed to keep their eyes open, and
the changes we observed could be due to a number of factors including visual stimulation or
changes in ambient temperatures over time, among others.

Changes in blood flow can directly affect brain temperature (5,12,21). In a review by

Wang et al., evidence from multiple studies supports the close relationship between

brain temperature and blood flow mainly via convective heat exchange through cerebral
circulation (12). This is supported by decreases in brain temperature during visual
stimulation that are accompanied by increases in cerebral blood flow measured with blood
oxygenation level-dependent (BOLD) imaging (21). Similar to resting state connectivity
approximated from the BOLD signal, which is a surrogate for regional blood flow and
oxygenated metabolism in the absence of a directed task, it may be reasonable to assume
that brain temperature and the brain-body temperature gradient also maintains or exists in a
resting state that is sensitive to individual brain structure and is altered during neural activity
or other stimulation. As the BOLD signal varies in response to metabolism and blood

flow, temperature would also be expected to vary for similar reasons. In the healthy human
brain, these changes are relatively small; however, further characterization of the magnitude
of these fluctuations may be warranted, particularly as brain thermal therapies (ablation,
therapeutic cooling) are more widely implemented. An individual baseline for resting

brain temperature, as well as the brain-body temperature gradient, may be important when
implementing thermal therapies or for the development of brain temperature biomarkers
after injury. It may also be feasible that in some prior studies of reproducibility, real
physiological temperature changes contributed to some of the variation observed.

We did not assess subject repositioning between scans or inter-observer variations in MR
data acquisition or analysis, which may contribute to the temperature variation. We also did
not control for sleep state between scans. Many subjects fell asleep during one or both scans,
and effects of sleep cycle on brain temperature have been reported (39). It is also possible
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the scan itself, due to exposure to the magnetic field or the potential stress of undergoing
an MR scan, contributed to some of the observed temperature changes. Lastly, whole-brain
studies will be required to characterize regional effects, supported by prior work observing
voxel-level differences in brain temperature (17,36).

Significant changes in healthy brain temperature and the brain-body temperature gradient
were observed over a time scale of ~1 hour. Given high repeatability of single-voxel MR
thermometry, demonstrated with repeated scans over a shorter time scale (~2 minutes)

in a well-controlled environment, changes in brain temperature may reflect physiological
fluctuations driven by body temperature and neural activity. These results emphasize the
need for further characterization of healthy human brain temperature, particularly under
controlled conditions to understand the extent of changes in brain temperature in health as
an important baseline for the use of brain temperature as a metric of disease progression and
treatment monitoring.
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Figure 1.
Single-voxel position (yellow square) in the posterior cingulate cortex overlaid on the T1-

weighted MPRAGE image for one subject acquired during the (a) first scan period and (b)
second scan period. Single voxel spectroscopy was acquired using the SLASER sequence for
MR thermometry.
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Figure2.

Within-scan and between-scan changes in (a) brain temperature and (b) the brain-body
temperature gradient. Within-scan repeatability, on the order of minutes, was high with
minimal changes, indicated by the first two pairs of data points (1-1 and 1-2) and the last
two pairs of data points (2-1 and 2-2). Between time periods (~1 hour, between the second
and third data points), fluctuations were observed in both brain temperature and brain-body
temperature differences. Each line represents one subject.
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Subject characteristics including age (in years), biological sex, and self-reported race and ethnicity.

Table 1.

Subject Age Sex Race

1 28 M Caucasian

2 24 F Asian

3 29 M Asian

4 29 M Asian

5 29 M Asian

6 23 F Asian

7 29 M Caucasian (E)

8 27 M Black or African American
9 29 F Caucasian

10 22 F Asian

11 26 F Asian

12 21 M Caucasian

13 20 M Black or African American
14 23 F Black or African American
15 32 F Caucasian

16 26 M Asian

17 26 M Caucasian

18 36 F Caucasian (H)

19 26 M Asian

20 27 F Caucasian

21 31 M Caucasian

22 29 F Asian

23 18 F Black or African American
24 27 F Black or African American
25 24 F Caucasian

26 29 M Caucasian

27 25 F Caucasian

28 20 F Asian

29 31 M Asian

30 24 M Asian

M: Male; F: Female; Caucasian (E): Egyptian; Caucasian (H): Hispanic
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