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Introduction
The study of brain temperature in vivo is of high relevance in 

the investigation of tissue functioning, since temperature is strict-
ly related to brain metabolism and underlying reactions. Produc-
tion of heat in the brain is dependent on metabolic rates of glucose 
and oxygen [1] related to mitochondrial oxidative processes. On 
the other hand, heat removal is linked to cerebral blood flow, since 
blood leaves the brain at higher temperature than the incoming 
blood. However, the mechanisms underlying its regulation are to 
date still not entirely clear [2]. 

A modification of basal brain temperature has been hypothe-
sized in several brain-related diseases, as schizophrenia [3,4], Par-
kinson’s disease [5-7], multiples sclerosis [8], metabolic disorders 
[9] or multiple systemic atrophy [7]. Brain temperature changes 
also reflect brain activation [10], thus making it a quantity which  

 
could be of great interest in psychological and behavioral studies. 
Intraventricular temperature has been found increased in mul-
tiple systemic atrophy and Parkinson’s disease using diffusion 
weighted magnetic resonance imaging [7], possibly indicating 
an involvement of homeostasis in these diseases. Temperature 
in Parkinson’s disease has been found increased also employing 
MRS, probably related to dopaminergic alterations typical of this 
condition [5]. Brain temperature in mitochondrial disease9 has 
been found decreased, probably due to malfunctioning of oxida-
tive phosphorylation, which is linked to reduced neuronal activity, 
which leads to brain hypothermia. Moreover, elevated brain tem-
perature has been found in stroke [11] and brain injury [12]. High 
brain temperature is responsible for tissue damage and changes 
in metabolism [13]. It is to be noted that alterations in cerebral 
blood flow and metabolism have been demonstrated in first epi-
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sode psychosis [14], in schizophrenia [15-17] and in bipolar disor-
der [18-19], suggesting an involvement of vascular changes linked 
with functional psychoses. 

Brain temperature measurement in vivo, although interest-
ing, is particularly difficult, as the use of internal probes would be 
obviously extremely invasive and not feasible in most cases. The 
possibility of measuring brain temperature non-invasively has 
been studied extensively: in 1993, the dependence of the 1H-MRS 
signal on temperature was employed by Lutz et al. [20] to estimate 
temperature in cell cultures. In their 1995 work, Corbett et al.[21] 
found that it was possible to infer temperature changes using 
MRS. MRS is a technique which allows the quantification of metab-
olites inside living tissues, using the concept of chemical shift. No-
tably, the chemical shift of water depends approximately linearly 
on water temperature [22]. This is since the equilibrium between 
water molecules bound to hydrogen and monomeric molecules 
changes with temperature [23]. It is important to notice that the 
chemical shift of water is relatively insensitive to changes in pH or 
ionic fluctuations in physiological ranges [24], so that these fac-
tors can be ignored in the analysis. Since other metabolites are 
not influenced by temperature changes, it is possible to quantify 
the temperature of the medium where reactions are taking place, 
considering the difference in frequency between the resonance 
peak of water and other metabolites in the MRS signal. Corbett 
et al. proposed N-Acetyl aspartate (NAA) as a reference in the es-
timation of brain temperature using MRS [21]. In this work, the 
authors presented a method which also employed a linear model 
for the relationship between brain temperature and difference of 
water and NAA resonance peaks, where they found slight slope 
and intercept changes with pH and protein content, limited to 
values around 1%, thus negligible. They compared the MRS-mea-
sured temperature with brain temperature invasively measured 
with implanted probes in swine, obtaining an accuracy of under 
1°C. In a later work [25] they extended their method to human 
data acquired in a 1.5T clinical scanner. 

Cady et al. [23] proposed a method where they also employed 
NAA and water signals, measuring the distance between the res-
onating peaks, in piglet brain and in a phantom solution. They 
obtained reliable temperature measures using a linear model, 
considering the tympanic temperature as a proxy of brain tem-
perature. 

More recently, it has been demonstrated [26] that brain tem-
perature is linearly dependent on the difference of water reso-
nance and Choline, Creatine or NAA. Authors obtained good cor-
relation results between temperature measured with MRS and 
using implanted probes, in rats. There is to date no consensus on 
the best technique to evaluate brain temperature with MRS. In 
fact, the estimation method regarding metabolites and resonance 
peaks has not been defined with certainty. Moreover, the algo-
rithm to be used to estimate temperature, once the metabolites 
are known, is left to the preference of scientists. With this study, 
brain temperature was non-invasively measured using a phantom 
in a simulation of hypo- and hyperthermia, in a clinical setting, 

and results obtained using the three afore-mentioned methods, 
and with different sets of parameters, were compared, with the 
aim of defining the most accurate post-processing pipeline. Then, 
single voxel MRS data from the posterior cingulum and the hypo-
thalamus in a healthy volunteer were considered.

Materials and Methods

Phantom Data Acquisition

For measurement of temperature using MRS a phantom with 
a solution containing the metabolites of interest was used, with 
concentrations like those of human brain. It was composed as fol-
lows: choline (Cho) 10 mM, NAA 10 mM, creatine (Cr) 8 mM, Glu-
tamate (Glu) 2 mM, Glutamine (Glm) 2 mM. Solution pH was 7.1. 
The phantom MRS data were acquired at different temperatures. 
A calibrated alcohol thermometer with a sensitivity of 0.05°C was 
placed within the phantom, and the temperature brought from 
34°C to 44°C using warm water pads. The chemical shift between 
water and NAA was also measured with ten different acquisitions 
at room temperature with the same parameters to evaluate the 
measurement error. Data were acquired with a 1.5T Siemens 
AVANTO scanner (Siemens Healthcare GmbH, Erlangen, Germa-
ny). A double inversion spin echo (PRESS) single voxel spectros-
copy sequence (svs-se), with a 30 ms echo time and a 4000 ms 
repetition time was acquired. A body coil was used during MRS 
acquisition. Flip angle was 90°. Each acquisition was made with 
36 averages. Voxel size was 20x20x20 mm3. An MRS acquisitions 
was done at each 1°C step with weak water suppression.

Healthy Volunteer Data Acquisition

Single voxel MRS data for a healthy volunteer (female, 24 y.o.) 
were acquired in the posterior cingulum and the hypothalamus, to 
test the impact of the number of components on the temperature 
estimation of human tissue. Data were acquired with the same 
scanner and TR = 4000 ms, TE = 270 ms, flip angle 90°, no water 
suppression and 32 averages. Voxel size was 20x20x20 mm3. The 
study was approved by the local ethical committee and the subject 
gave his informed consent. The same coil as for the phantom was 
used.

Metabolites Estimation

The JMRUI software for metabolites estimation was used. One 
of the available algorithms for estimation was used, based on the 
Hankel-Lanczos algorithm, singular value decomposition (SVD) 
and total least squares (HLTLS algorithm [27]). Water and NAA 
chemical shift were estimated in two different steps: the water 
chemical shift was obtained fitted only one component to the data, 
while the NAA chemical shift was estimated considering 10, 15 or 
20 components to be used in the model. The signal was composed 
of 1024 points or truncated at 800 points. A black-box algorithm 
with no filtering or preprocessing was chosen with the aim of in-
troducing the smallest possible number of steps prior to elabora-
tion, to reduce confounding factors. Then results were compared 
in terms of temperature using these different sets of parameters.
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Temperature Estimation
The temperature was estimated using water and NAA res-

onance frequencies (in ppm), using the three most widely used 
calibration method. The method proposed by Cady et al. [23] was 
employed first, where the temperature T is computed as follows:

2
286.9 94.0 H O NAAT δ −= −           (1)

where δH2O-NAA is the difference in resonant frequencies for wa-
ter and NAA.

Also, the regressions proposed by Corbett et al. [25] and by 
Zhu et al. [26] were considered, which are defined respectively as 
follows:

2
228.2 72.2 H O NAAT δ −= −          (2)

2
36 [( 106,87)( 2,6745)]H O NAAT δ −= + − −   (3)

The temperature was computed at each °C increase, and the 

performances of the different calibrations were compared in re-
spect to the known temperature, considering the correlation of 
estimated values with the true values. Also, the normalized sum 
of squared residuals was considered, defined as follows:

2
1 ,( ) /

N
i M iT TRSS N

N
=∑ −

=

Where TM is the measured temperature, Ti estimated tempera-
ture at point i, and N the number of samples.

Results
Phantom data

A measurement error of 0.0002 ppm was obtained for the 
chemical shift between water and NAA. This translates into an 
error of around 0.016°C for the temperature estimated with (1), 
0.014°C and 0.019°C for temperatures estimated with (2) and (3) 
respectively.

Figure 1: Measured phantom temperature (grey continuous line) and temperature estimated with the method of Corbett et al. [25] using 
800 points (solid line with circles) and 1024 points (dashed line). There are no apparent differences in estimated temperature considering a 
different number of points. The same results are obtained considering Cady or Zhu methods.

Table 1: Comparison of three calibration methods for estimating temperature from magnetic resonance spectroscopy.

1024 Points 800 Points

10 Components 10 Components

Method Correlation Slope RSS/N Correlation Slope RSS/N

Cady et al. [14] 0.989 43.3° 0.016 0.998 45.5° 0.041

Corbett et al. [16] 0.989 35.9° 0.011 0.998 35.1° 0.012

Zhu et al. [17] 0.989 46.9° 0.059 0.998 46.1° 0.12

15 Components 15 Components

Method Correlation Slope RSS/N Correlation Slope RSS/N

Cady et al. [14] 0.998 42.0° 0.031 0.998 41.8° 0.029

Corbett et al. [16] 0.998 34.7° 0.011 0.998 34.5° 0.014

Zhu et al. [17] 0.998 45.6° 0.091 0.998 45.6° 0.09

20 Components 20 Components

Method Correlation Slope RSS/N Correlation Slope RSS/N
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Cady et al. [14] 0.998 41.9° 0.039 0.997 43.4° 0.046

Corbett et al. [16] 0.998 34.6° 0.011 0.997 36.0° 0.011

Zhu et al. [17] 0.998 45.6° 0.105 0.997 47.2° 0.129

All three calibrations gave values with a high correlation with 
the true temperature. No relevant differences were found employ-
ing 1024 or 800 points: an example obtained using Corbett et al. 
method [25] is reported in Figure 1. The temperature was esti-
mated using either 800 or 1024 points with all three methods and 
reported the results in (Table 1). Results for the three compared 

methods are listed considering 10, 15 and 20 components, and 
800 or 1024 points. The correlation with the measured tempera-
ture, the slope of the regression line obtained with a linear regres-
sion, and the residual sum of squares (RSS) are reported. A perfect 
correspondence of measured and estimated results would give a 
slope of 45° and a correlation coefficient of 1.

Figure 2: Results of estimation of measured temperature with Equations (1, black circles), (2, red circles) and (3, blue circles) using 10 
(a), 15 (b) or 20 (c) components and 1024 points for the model fit. The regression lines are represented with solid lines. The measured 
temperature, i.e. the bisecting line, is depicted with the gray continuous line with gray crosses. The slope of the lines obtained with the 
calibration methods proposed by and Zhu et al. (Equation 3) and with Cady et al. (Equation 1) result closer to the ideal bisecting line which 
represents the measured temperature (no significant differences for the slopes, t-test, p=0.01, except for Cady et al. in the case of 15 
components), in respect to the method proposed by Corbett et al. (Equation 2), which slope resulted significant different (t-test, p < 0.01) 
from the bisecting line using any number of components.

With the data used in this work, Eq.2 proposed by Corbett, et 
al. [25] resulted the most accurate in terms of estimation error, re-
gardless of the number of estimated components. The slope of the 
regression line, though, was more distant from the ideal bisect-
ing line [the bisecting line, with a 45° slope, would be obtained 
with a perfect correspondence between measured and estimat-

ed data] when compared with the other two methods (Figure 
2). In fact, the slope of the linear regression of the temperature 
values obtained with Eq. 2 resulted significantly different from 
the slope obtained joining the points obtained with the mea-
sured temperature. With 10 components, the slope resulted 35.9° 
(p<<0.01), with 15 component it was 34.7° (p<<0.01) and with 
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20 component the slope was 34.6° (p<<001) On the other hand, 
results given by Eq.1 and Eq.3 consisted in slopes closer to 45° but 
gave greater estimation errors. The slope of the regression lines 
obtained with these methods did not significantly differ from the 
slope of the measured temperature line, except in the case of Eq.1 
applied to temperature computed using 15 components to esti-

mate metabolites (p=0,00017). Results are reported extensively 
in Table 1. As can be noted from the figures, results obtained using 
the model proposed by Corbett et al. [25] were the most accurate 
when dealing with temperatures in the range of soft tissues, i.e. 
between 37 and 41°C.

Healthy Volunteer Data

Figure 3: Acquired spectrum from a healthy control, in a hypothalamic voxel. The hypothalamus is notoriously a region where magnetic 
resonance spectroscopy acquisition results in noisy spectra and poor homogeneity. Whole acquired signal is depicted in panel (a) and 
the signal magnified around 2ppm (parts per million) is represented in panel (b). Panel (c) shows the fit of data obtained with total least 
squares with 20 components. Panel (d) shows the residual signal, panel (d) the estimated component for N-Acetyl Aspartate, panel € 
shows the estimated signal and panel(f) the original acquired signal (continuous line) overlaid with the estimated signal (dashed line). In 
this noisy location, the N-Acetyl Aspartate component is identified only using at least 20 components, and the peak is completely lost in the 
reconstruction when using 10 or 15 components.

The NAA component was effectively estimated in the poste-
rior cingulum using 10, 15 or 20 components. The chemical shift 
between water and NAA was 2.633 ppm with a standard deviation 
of 0.007 ppm. The estimated temperature was 39.37 +/- 0.68 with 
the method (1) 38.07 +/- 0.52 °C using (2) and 40.4 +/- 0.77 us-
ing Eq. (3). The identification of the NAA peak was more difficult 
when considering the hypothalamic voxel. From the magnified 
picture of the signal in panel (b) of Figure 3, there is a component 
with a peak resonance around 2 ppm, which can be identified as 
NAA. HLTLS with either 10 or 15 components doesn’t allow the 
quantification of this peak, while the using 20 components it is 
identified at 2.11 ppm, leading to a temperature of 43.53°C using 
Eq. 1, 41.27 using Eq.2 and 45.14 using Eq.3

Discussion
The estimation of brain temperature in vivo holds a great clin-

ical interest, since hyperthermia can lead to brain damage, and 
induced hypothermia has been proposed to reduce the effects of, 
for example, brain trauma. Moreover, brain temperature is linked 
with cerebral blood flow, which is altered in various diseases, for 
example in psychotic disorders [14-19]. An accurate estimation of 
brain temperature would thus benefit the psychiatric field, since 
it could mirror the functionality and integrity of blood flow. Vari-
ous methods have been proposed to estimate non-invasively and 
in vivo brain temperature, employing MRS. However, there is no 
consensus on which calibration method is the most accurate in 
temperature estimation, leading to multiple interpretations. Some 
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authors redefine the parameters to be used for the fit of data, to 
better match some a-priori hypothesis, for example an assumed 
brain temperature [28,29], while others [5,6] pick one of the avail-
able algorithms without taking the others into account. Such stud-
ies would benefit of a clear indication as to which algorithm to 
choose and of the knowledge of the differences in the estimation 
due to different parameters, as number of components or points, 
used in the data processing.

In this work, the three most used calibration techniques for 
the estimation of in vivo brain temperature using MRS were eval-
uated. All three methods employed the information obtained from 
the chemical shift of water, dependent on temperature, and NAA, 
independent from it. A more recent method [30] which employs 
the chemical shift of NAA, Creatine and Choline together was not 
considered, because, even if it leads to more stable results, it is 
less feasible in clinical settings due to increased difficulties in con-
sistently estimating all three metabolites. 

Although the considered algorithms employ the same quan-
tities for temperature estimation, i.e. the chemical shift of NAA 
and water, the linear fit giving the temperature estimate from the 
difference in resonance frequencies is slightly different, thus giv-
ing different results. These methods were applied to MRS scans, 
acquired using a phantom at controlled temperatures, simulating 
hypo- and hyperthermia. In fact, the temperature was brought 
from 34°C to 44°C and acquired MRS data at each 1°C step.

All three methods estimated temperature with a very high cor-
relation with the measured temperature. The method proposed by 
Corbett and colleagues resulted in a closer fit with the data used in 
this work in terms of error, as measured with the sum of squared 
residuals. Especially in a physiological range of temperatures [38-
41°C], results given by the method proposed by Corbett were very 
close to the measured temperature. It is to be noted, though, that 
an offset may be present between phantom and human brain es-
timated temperature, because of different composition. Thus, it 
could be argued that it is preferable to estimate brain temperature 
with a method resulting in a slope of the fit parallel to the slope 
obtained joining the measurement points, which would mean that 
once the offset between measurement and estimation is known, 
the true measured temperature can be inferred. In these terms, 
the method proposed by Zhu et al. [26] results to be the most ac-
curate of the three. The results from our study suggest that the 
number of points used to reconstruct the signal and the number 
of components to be estimated are important parameters to be 
considered when estimating temperature using MRS.

In fact, 

i.	 There are only slight differences in terms of error, slope 
and residuals when modifying the number of points used in the 
HLTLS algorithm which are not likely to influence significantly the 
temperature estimates.

ii.	 The number of components instead is critical (Figure 2) 
and affects the estimates. 

Another important point is the reliability of temperature esti-
mation in human data, especially when dealing with noisy signal 
and with brain areas known to be difficult to analyze with MRS. To 
this aim, we acquired the spectra in the posterior cingulum and 
in the hypothalamus for a healthy volunteer. In regions selected 
because of reliability for MRS, such as the posterior cingulum, , 
the temperature results in the physiological range. In regions with 
low signal to noise ratio and poor homogeneity, as the hypothal-
amus, the estimation of the resonance peaks is more difficult. For 
the hypothalamus, it was not possible to identify the NAA peak 
using less than 20 components. This demonstrates that in specific 
cases more components may be required, even if our results indi-
cate that the temperature estimation results more reliable using 
15 components. 

Thus, the number of components is clearly a critical issue, 
and there is a need of balance between overfitting and obtaining 
spurious peaks as a result when using too many components, and 
using too few components, which could lead to the risk of not 
identifying peaks. Another method, instead of rising the number 
of components, could be the suppression of water after acquisi-
tion, via software. While this could lead to the identification of all 
components, it must be kept in mind that if the estimation of the 
NAA peak is obtained thanks to the suppression of water using a 
filter, its resonance frequency results different in respect to that 
calculated with no suppression. Moreover, it is worth noticing that 
all data in the same dataset should be evaluated using the same 
set of parameters in the estimation of the components and of the 
temperature.

Conclusion
In conclusion, in this work three well-known calibration tech-

niques were compared, and a set of parameters, for the estimation 
of brain temperature in vivo, with the aim of identifying the nature 
of the differences in the results and of shedding light on the pa-
rameters which come into play in the estimation process. We ob-
tain that, while Cady’s method results in more precision in terms 
of absolute error, it may be best to adopt xxx, whose regression 
line resulted parallel to the line obtained for the measured tem-
peratures. This means that increases and decreases in tempera-
ture can be precisely estimated, and that the temperature itself 
is effectively computed, provided the offset is known. Neverthe-
less, it would be beneficial if future studies would consider these 
differences and if the community would converge to a method of 
temperature estimation to be used, with the aim of making com-
parisons between studies more reliable.
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