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Abstract
The most common MR-based approach to non-invasively measure brain temperature relies on the
linear relationship between the 1H MR resonance frequency of tissue water and the tissue’s
temperature. Herein we provide the most accurate in vivo assessment existing thus far of such a
relationship. It was derived by acquiring in vivo MR spectra from a rat brain using a high field
(11.74 T) MRI scanner and a single-voxel MR spectroscopy technique based on a LASER pulse
sequence. Data were analyzed using three different methods to estimate the 1H resonance
frequencies of water and the metabolites NAA, Cho and Cr, which are employed as temperature-
independent internal (frequency) references. Standard modeling of frequency-domain data as
composed of resonances characterized by Lorentzian line shapes gave the tightest resonance-
frequency vs. temperature correlation. An analysis of the uncertainty in temperature estimation has
shown that the major limiting factor is an error in estimating the metabolite frequency. For
example, for a metabolite resonance linewidth of 8Hz, signal sampling rate of 2Hz and SNR of 5,
an accuracy of about 0.5°C can be achieved at a magnetic field of 3T. For comparison, in the
current study conducted at 11.74 T, the temperature estimation error was about 0.1°C.

INTRODUCTION
Proton (1H) MRS thermometry provides a unique non-invasive method to monitor changes
in brain temperature or to quantify absolute brain temperature. The MR frequency of water
protons depends on temperature, and it changes with a coefficient of about −0.01 ppm/°C
(1). It has been shown by means of magnetic resonance imaging (2) and spectroscopy that
this approach can be used for in vivo non-invasive temperature mapping (3) and tracking of
changes in tissue temperature during functional activation (4). The possibility to quantify
absolute brain temperature by monitoring the difference between the water resonance
frequency and a temperature independent metabolite resonance frequency (internal
reference) has also been demonstrated (5,6).
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The 1H resonance of the N-acetyl-aspartate (NAA) methyl group is most often used to
provide a temperature independent internal reference frequency for in vivo temperature
quantification in brain tissue due to the relatively high concentration of NAA as compared to
other metabolites (5–11). However, because of the small temperature/water-chemical-shift
correlation coefficient and low NAA signal amplitude (NAA concentration in the normal
brain tissue is about 10,000 times smaller than the water concentration) the accuracy of the
method is limited. Two major factors define this accuracy: (i) the predetermined temperature
vs. 1H MR water frequency correlation (~ − 0.01 ppm/°C) and (ii) the accuracy in estimating
the internal reference (metabolite) 1H resonance frequency. Existing literature data suggest
there is substantial room for improvement in obtaining a more accurate, internally
referenced, calibration curve. This topic is the principal focus of this paper.

MATERIALS AND METHODS
Animal Preparation

Male Sprague-Dawley rats (n = 3) weighing ~300–400 g were initially anesthetized with a
ketamine/xylazine combination anesthesia (72.9 mg/kg and 10.4 mg/kg respectively) and
given time to stabilize. The animals were then restrained in a prone position within a
stereotaxic head-frame (Kopf, Inc., USA) and maintained in an anesthetized state by
breathing 1.2% isoflurane in 100% O2 through a nosepiece. The subjects’ heads were
shaved, a midline incision performed, and, after carefully removing a small area of scalp and
membrane layers around Lambda area, the skull was exposed. A 1-mm diameter burr hole
was drilled through the skull 2 – 3 mm anterior to and lateral from the Lambda. In an
attempt to prevent any MR measurement error from field inhomogeneities created by the
surgical procedure, the burr hole was purposefully placed 3 – 4 mm posterior from the
projected MRS voxel site near the region of the Bregma. A small amount of petroleum jelly
(Vaseline) was applied at the burr-hole site to prevent bleeding.

Individual subjects were then transferred to a laboratory-constructed Teflon head holder and
the head restrained with ear and tooth bars. A single-turn, 1.0-cm diameter transmit-receive
(transceiver) surface coil was placed on the shaved head directly over the brain. A 1-mm
diameter fiber-optic temperature probe (Model Luxtron 755; Luxtron Corp., USA) was
inserted at a 45° angle into right side of the brain through the burr-hole to a vertical depth of
~5 mm (Fig. 1). Each subject’s head was carefully insulated with cotton batting to diminish
internal temperature gradients that would degrade the calibration. Another fiber-optic probe
was inserted 7 cm deep into the animal’s rectum to monitor body temperature. Temperature
probes were calibrated before and after each experiment to be within an accuracy of ± 0.05
°C. The animal’s torso was put on a circulating water pad (Model D10-B3; Thermo Haake,
Karlsruhe, Germany) to maintain the body temperature ~ 37.5 °C. The same water
circulation system was also used to vary body/brain temperature for calibration
measurements. Anesthesia was maintained with 1.2% isoflurane (in 100% O2) throughout
the entire MR experiment.

During the calibration experiment, each subject’s body was slowly and continuously cooled
from 37.5 °C to ~30 °C by controlling the temperature of water circulating under the torso
(abdomen) over about 2.5-hour period. In practice, a small amount of ice was mixed with
the water in circulator’s reservoir. Body temperature dropped slightly faster than brain
temperature. The initial body/brain temperature difference was + 0.1 °C at the fiber-optic
probe site (body warmer than brain); at the end of the cooling period, the differential
changed to ~ − 0.1 °C ((body cooler than brain). This slow cooling rate (~7 °C temperature
drop in 2.5 hours) was designed to assure adequate heat exchange and temperature
equilibration within the brain.
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Concomitantly with progressive cooling of each subject, single voxel 1H MR spectroscopy
data was acquired with parameters as described below. The fiber-optic probes continuously
recorded brain and body (core) temperature during the course of the experiment.

NMR Experiments
All experiments were performed with an MR scanner based on a Magnex (Yarnton, UK)
11.74-T (500-MHz) 26-cm clear-horizontal-bore magnet with an 8-cm inner-diameter
gradient and shim assembly (maximum gradient strength 120 gauss/cm, rise time 200 μs).
The system was controlled by a Varian (Palo Alto, CA) INOVA console. The single voxel
localization by adiabatic selective refocusing (LASER) pulse sequence (12) was employed
for spectroscopy experiments during the cooling process. The LASER voxel was placed in a
location closely approximating that of the tip of the temperature probe but on the
contralateral side of the brain (see Fig. 1). Data acquisition was performed every 0.5 hr with
the following acquisition parameters: 4 kHz bandwidth, 2048 data points, TR = 1.6 s, TE =
75 ms, 512 ms acquisition time, 3 × 3 × 3 mm3 voxel size, 200 free induction decays (FIDs).
No water suppression was applied. Shimming was re-optimized prior to each acquisition of
200 FIDs (i.e., every 0.5 hr).

Each individual FID was stored separately and phase corrected. Each set of 200 FIDs,
collected at 0.5-hr time increments, was divided into two summed (averaged) sets of FIDs:
the first 100 FIDs collected making up one summed data set and the second 100 FIDs
collected making up the second summed data set. Considering each set of 200 FIDs as a pair
of sequential 100 FID data sets minimized the influence of temperature drift during data
acquisition. In one subject, a total of four pairs of 100 FID data sets were obtained; for each
of the other two subjects, five pairs of 100 FID data sets were obtained. The final
temperature calibration employed data from all three animals: 14 pairs of 100 FID data sets.

Resonance Frequency Analysis
Metabolite and water 1H resonance frequencies were estimated by three different methods.
The first method employed a frequency domain analysis using MestReC software
(Mestrelab Research, Spain). An exponential apodizing function resulting in a 3-Hz line
broadening was applied to the FID’s before Fourier transformation. A zero order phase
correction was then manually applied before the water and NAA resonance frequencies were
estimate by the “peak picking” algorithm in MestReC.

The second approach employed a time domain analysis using jMRUI software (13) (URL
http://www.mrui.uab.es/mrui/) in two steps. First, the water signal 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 (15) 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 third approach employed a standard frequency domain line shape analysis using
MATLAB software. The FID was zero filled to a total of 4096 complex data points, Fourier
transformed, and zero order phase corrected. The water and NAA resonances (100 Hz
around each) were separately modeled as Lorentzian line shapes and the frequencies
estimated.
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RESULTS
An example of a single voxel frequency domain 1H spectrum from in vivo rat brain is shown
in Fig. 2 without line broadening. The water and metabolite resonances are well resolved.
The typical linewidth for the NAA 1H resonance in our study is 5–10 Hz and the typical
SNR is about 5–7.

Figure 3 shows the temperature calibration results (using NAA as an internal frequency
reference) from the three approaches to estimating frequencies: Fig. 3A shows the results
from MestReC modeling, Fig. 3B shows the results from jMRUI time domain modeling, and
Fig. 3C shows the results from Lorentzian line shape modeling in the frequency domain.
The temperature vs. resonance frequency data pairs were modeled using the following linear
equation:

[1]

Here Tb is the brain tissue temperature in degrees Centigrade measured by the optical probe,
Fw and Fref are water and internal reference (NAA) 1H resonance frequencies in ppm, and α
is the temperature vs. frequency correlation coefficient (slope). This equation is written in
such a form that F0 is the frequency difference between water and NAA resonances at 36
°C. Both F0 and α are fitting parameters. The results from all three correlations in Fig. 3 are
as follows:

[2]

[3]

[4]

From the 95% prediction limits in the graphs, it can be seen that Lorentzian line shape
modeling in frequency domain (Fig. 3C) gave the best brain temperature vs. water-NAA
chemical shift difference correlation.

Further analysis of the data using Creatine (Cr) and Choline (Cho) 1H resonances as internal
frequency references also demonstrated strong correlation between brain temperature and
water-Cr (or water-Cho) frequency difference. These resonances were analyzed using
Lorentzian frequency domain line shape modeling only since it gave the most accurate
correlation curve with NAA as the reference resonance. Results are shown in Fig. 4. Linear
correlation analysis with Eq. [1] produced the following results:

[5]

[6]
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DISCUSSION
To our knowledge, this is the first report of in vivo MRS brain temperature vs. 1H resonance
frequency calibration that has been performed at ultra high field in rat. Comparisons of this
study and previously reported in vivo MRS brain temperature calibration studies are
summarized in table 1. The correlation coefficient α reported herein has a larger absolute
value than those reported previously, irrespective of which metabolite (NAA, Cr or Cho) is
used for internal reference. These results also demonstrate the best linear regression fitting
quality (largest R2).

Equation [1] allows the uncertainty in measuring brain temperature by means of water/
metabolite frequency difference, δTb, to be estimated. If we assume that the parameter α
does not change with the brain tissue content/composition and physiological status of the
brain (see discussion below), the following simple equation can be derived:

[7]

The first term defines error due to uncertainty in estimating parameter α. Since in the
physiological range the frequency difference is about 0.01 ppm, and δα in our derived
equations is about 2°C/ppm, this term leads to a rather small uncertainty of about 0.02 °C.
The second term in Eq. [7] defines an error due to uncertainty in estimating parameter F0.
Since |α| ≈ 100 and δ F0 = 0.0004 ppm, this error is also rather small, about 0.04 °C. Hence,
the major error in this estimate comes from the third term, which depends upon the
uncertainties in estimating the 1H frequencies of water and metabolite signals. A similar
conclusion has been reached by Childs et al (7) based on numerical simulations. The
limiting part here is, of course, the modeling of the metabolite 1H resonance, which has an
amplitude four orders of magnitude less than the water resonance. Hence, to achieve a 1°C
temperature estimation accuracy requires an accuracy in metabolite frequency estimation of
0.01 ppm. The metabolite 1H resonance frequency measurement error δ Fref can be
estimated by making use of the theoretical expression (16):

[8]

where ΔFref is the linewidth of metabolite signal in Hz, Δt is signal sampling dwell time in
sec, v0 is the scanner frequency in MHz, and SNR is the signal-to-noise ratio. For example,
for ΔFref = 10Hz, v0 = 64Mhz (1.5 T scanner), Δt = 0.001 sec, and metabolite SNR of 10, the
accuracy of temperature estimation is about 1 °C. For comparison, in the current study the
frequency estimation error δFref based on Eq. [8] is ~ 0.0008 ppm, which translates to a
temperature estimation error of ~ 0.1 °C.

Several other issues should be taken into consideration when estimating MR-based
temperature measurement error. First, the MR signal is never purely Lorentzian. This is
because macroscopic magnetic field inhomogeneities contribute to signal decay, hence
highly accurate resonance frequency estimation strongly depends on meticulous field
homogeneity shimming. However, complete elimination of field inhomogeneities is not
possible in real human and animal experiments. It was previously demonstrated that
incorporating information regarding field inhomogeneities in spectroscopy data processing
leads to a more robust modeling of the FID signal (17,18) and, hence, could lead to more
accurate temperature estimates.
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A second, more vexing issue, is that the tissue water resonance in brain contains multiple
components. In addition to the main resonance, there exists a contribution from a component
with long T2 relaxation time constant (presumably extracellular fluid) with volume fraction
of about 10% and shifted by about 0.04 ppm (19). There might also be small contributions
from other components with short T2 (20,21) and blood (19), however their influence is
expected to be very small, especially for spectroscopic sequences with echo times longer
than T2 of these “short-lived” components. A similar “multi-component problem” exists for
metabolite signals. Although signals from NAA, Cho and Cr are each modeled as a
single 1H resonance in this study, the spectral regions in which these metabolite resonances
occur in the brain all contain signals from more than one metabolite specie, and the 1H
resonances from these different species, in most cases, occur at different frequencies. For
example, the “NAA” methyl group resonance, which is located around 2.0 ppm, is actually
composed of resonances from N-acetyl aspartate (NAA) and N-acetylaspartylglutamate
(NAAG). Due to the structural similarity of the two compounds, their resonances are
separated by only 0.03 ppm (22). The “Cr” resonance observed around 3.0 ppm in this study
refers to resonances from both creatine (Cr) and phosphocreatine (PCr). The singlet
resonances from methyl protons of both compounds differed by only 0.002 ppm (23).
Similarly, the “Cho” resonance observed at 3.2 ppm actually includes contributions from
free choline (Cho), glycerophosphorylcholine (GPC) and phosphorylcholine (PC). The
resonance frequency of the trimethylamine group from free choline is separated from GPC
and PC by about 0.02 ppm (23). Distinguishing the individual resonances that characterize
each of these components is currently not possible with in vivo brain MR spectroscopy.
Thus, the magnitude of the effect of the multi-component structure of water and metabolite
signals on absolute temperature determination is not clear but could be significant if
component concentrations vary across the brain or under challenge of neurological disorder.
Indeed, the presence of a putative component concentration gradient (or inhomogeneity
profile) across the brain would generate a corresponding apparent resonance frequency
gradient for water and the chosen internal reference specie. This would degrade the accuracy
of individual temperature determinations. Nevertheless, even in this situation, the derived
relationships, Eqs. [1] – [6], would still determine accurate changes in local brain
temperature under different transient conditions (brain cooling for example) because it is
very unlikely that local brain tissue component content would also change transiently.

Another important issue that can influence the accuracy of temperature determination is the
potential dependence of the water resonance signal frequency on tissue chemical
environment, such as concentration of macromolecules, proteins and different ions. While in
vivo studies of these phenomena are yet to be conducted, in vitro studies have demonstrated
that within the physiological setting the frequency vs. temperature coefficient remains
practically independent of the protein concentration (6), tissue type (24), and pH (5,25,26).

In addition to exploring endogenous markers like NAA, Cho and Cr, the use of exogenous
temperature sensitive probe molecules to monitor temperature change in biological systems
has been explored during the past decade. Typically employed are paramagnetic lanthanide
complexes with temperature sensitive components (27–32). Specific 1H sites in these
molecules have resonance frequencies tens or hundreds times more temperature sensitive
than water. One such example is (TmDOTMA−). The 1H temperature coefficient of the
methyl group in this molecule is reported to be 0.57 ppm/°C, almost 60 times greater than
observed with water. Given this large temperature sensitivity, excellent results using this
probe molecule have been reported with phantom/test samples [e.g., 0.1–0.2 °C accuracy has
been reported (29)]. Despite certain advantages, the technique presents several serious
challenges for in vivo studies. First, because these agents are exogenous, they must be
introduced to the body. Like the commonly used MRI contrast agents, the temperature
sensitive lanthanide complexes do not cross the blood-brain barrier (BBB) (29). Thus, issues
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regarding routes of administration, tissue distribution, and toxicity require solutions. Further,
these complexes are efficiently cleared out of the body by the kidneys. Thus, the initially
low concentration of the agent is reduced further by excretion, limiting the time frame for
imaging. Nevertheless, the concept of exogenous temperature sensitive probes for in vivo
applications is quite new and various probe molecules are still under development. Because
the temperature sensitivity of exogenous probes is among the best of the various MR
thermometry approaches, their development remains an area of considerable research
activity.

In conclusion, this work improves the accuracy of phenomenological equations relating
brain temperature to the 1H resonance frequencies of water and metabolites. A theoretical
analysis of expected errors in temperature evaluation is also developed. Findings presented
herein allow a temperature evaluation accuracy of ~ 0.1 °C to be achieved at high field.
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Figure 1.
Temperature probe sensor, burr hole and MRS voxel locations. The upper image is a
diagram of rat skull (dorsal view) with the indicated skull land marks: Lambda and Bregma
(Paxinos and Watson, The Rat Brain in Stereotaxic Coordinates. Second Edition. New
York: Academic Press, 1986). The bottom panels are sagital (left) and transaxial (right)
images from a rat brain (note the transaxial image is from the plane crossing the white line
indicated in the sagital image). The temperature probe was inserted from burr-hole through
the skull at a 45° angle and the probe sensor reached the region that neighbored the MRS
voxel (dashed circle in the upper sketch, and dark region in the bottom right transaxial brain
MR image). The voxel size is 3 × 3 × 3 mm3 and positioned as indicated.
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Figure 2.
Example of a single voxel 1H spectrum from in vivo rat brain at 11.74 T. Only zero order
phase correction was applied to the spectrum. No line broadening filtering was used in this
example.
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Figure 3.
Correlations between water-NAA 1H resonance frequency and directly measured brain
temperature - comparison among three different approaches: A, MestReC modeling; B,
jMRUI time domain modleing; C, Lorentzian line shape frequency domain modeling. In
each graph, the solid line across the data is the linear least squares fit to the data, the dotted
lines provide the 95% prediction limits and the dashed lines represent 95% confidence limit
for the linear fitting. See Table 1 and Eqs. [2] – [4] for linear fitting results.
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Figure 4.
Correlations between water 1H resonance frequency differences and directly measured brain
temperature using A: Creatine (Cr) and B: Choline (Cho) as internal frequency references.
Solid lines are the linear least squares fit to the data; dotted lines are 95% prediction limit
and dashed lines are 95% confidence limit for the linear fitting 17.
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Table 1

Comparison of MRS brain temperature calibration results (temperature vs. frequency shift coefficient α in Eq.
(1)) measured in vivo.

Source Metabolite Correlation Coefficient R2 Species

Current study NAA α = −103.8±1.9 0.99 Rat

Cr α = −101.7±1.7 0.99 Rat

Cho α = −106.1±2.1 0.98 Rat

Corbett et al., 1999 NAA α = −82.33±6.58 0.71 Dog

TMA α = −70.11±6.06 0.69

Corbett et al., 1997 NAA α = −72.2±5.0 0.87 Swine

TMA α = −77.8±5.5 0.87

Cady et al., 1995 NAA α = −94.0±3.7 N/A Piglet

Note: In the correlation equation Eq. (1), α represents temperature shift (in degrees Centigrade) vs. frequency difference (in ppm) between water
and the specific metabolite reference. Other notations: Cr - creatine; Cho - choline; TMA - trimethylamines (equivalent to choline containing
compounds in other literatures).
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