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been determined, the temperature dependence of chemical 

shifts should be considered to avoid systematic quantifica-

tion errors, particularly for measurements on animal mod-

els at lower temperatures.

Keywords NMR spectroscopy · Spectrum analysis · Brain 

metabolites · Polar organisms

Abbreviations

NAA  N-acetylaspartate

Ala  Alanine

GABA  γ-Aminobutyric acid

Asp  Aspartate

AQSES  Automated quantitation of short echo time 

MRS spectra

CEST  Chemical exchange saturation transfer

Cr  Creatine

DSS  2,2-Dimethyl-2-silapentane-5-sulfonate

FASTMAP  Fast automatic shimming technique by map-

ping along projections

Gln  Glutamine

Glu  Glutamate

Lac  Lactate

NMR  Nuclear magnetic resonance

m-Ins  myo-inositol

MRS  Magnetic resonance spectroscopy

NA  Number of accumulation

PCr  Phosphocreatine

PRESS  Point resolved spectroscopy sequence

RF  Radio frequency

SW  Spectral width

T2  Transversal relaxation time constant

Tau  Taurine

TE  Echo time

tCr  Total creatine

Abstract 

Objectives Temperature dependent chemical shifts of 

important brain metabolites measured by localised 1H MRS 

were investigated to test how the use of incorrect prior 

knowledge on chemical shifts impairs the quantification of 

metabolite concentrations.

Materials and methods Phantom measurements on solu-

tions containing 11 metabolites were performed on a 7 T 

scanner between 1 and 43 °C. The temperature depend-

ence of the chemical shift differences was fitted by a linear 

model. Spectra were simulated for different temperatures 

and analysed by the AQSES program (jMRUI 5.2) using 

model functions with chemical shift values for 37 °C.

Results Large differences in the temperature depend-

ence of the chemical shift differences were determined 

with a maximum slope of about ±7.5 × 10−4 ppm/K. For 

32–40 °C, only minor quantification errors resulted from 

using incorrect chemical shifts, with the exception of Cr 

and PCr. For 1–10 °C considerable quantification errors 

occurred if the temperature dependence of the chemical 

shifts was neglected.

Conclusion If 1H MRS measurements are not performed at 

37 °C, for which the published chemical shift values have 

Electronic supplementary material The online version of this 
article (doi:10.1007/s10334-017-0642-z) contains supplementary 
material, which is available to authorized users.

 * Wolfgang Dreher 
 wdreher@uni-bremen.de

1 Department of Chemistry, in VIVO-MR Group, University 
Bremen, 28359 Bremen, Germany

2 Integrative Ecophysiology, Alfred Wegener Institute 
Helmholtz Centre for Polar and Marine Research, 
27570 Bremerhaven, Germany

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

A
u

th
o

r
 P

r
o

o
f

http://orcid.org/0000-0001-5132-6834
http://crossmark.crossref.org/dialog/?doi=10.1007/s10334-017-0642-z&domain=pdf
http://dx.doi.org/10.1007/s10334-017-0642-z


U
N

C
O

R
R

E
C

T
E
D

 P
R
O

O
F

Journal : Large 10334 Dispatch : 4-7-2017 Pages : 12

Article No : 642 ¨  LE ¨  TYPESET

MS Code : MRMP-D-17-00046 þ   CP þ   DISK

 Magn Reson Mater Phy

1 3

TMS  Tetramethylsilane

TR  Repetition time

VAPOR  Variable power and optimised relaxation 

delays

Introduction

In vivo localised 1H NMR spectroscopy (MRS) allows to 

non-invasively measure numerous metabolites in brain 

tissue, thus offering the possibility to study characteristic 

metabolic changes and identify biomarkers of diseases [1–

7]. Therefore, a reliable quantification of brain metabolites 

is essential for the relevance of in vivo MRS. While long 

echo time (TE) 1H MRS or editing sequences can be good 

solutions if only a small number of metabolites is of spe-

cific interest, short TE 1H MRS is often preferred, because 

it allows the simultaneous detection of a large number of 

metabolites and reduces signal losses caused by  T2 relaxa-

tion and J-modulation. However, since the analysis of short 

TE 1H MR spectra of the brain is often hampered by severe 

signal overlap, the use of prior knowledge on the chemical 

shifts and the J-coupling constants for all relevant metabo-

lites is of central importance. Thus, well established quan-

tification programs such as LCModel [8], QUEST [9, 10], 

or AQSES [11] use a model function for each metabolite 

to minimise the number of variables during the fitting 

procedure. These model functions are either measured on 

phantom solutions or simulated using published values of 

chemical shifts and J-coupling constants as prior knowl-

edge [12, 13]. The similarities and differences between 

AQSES, which was used in this study, and other quantifica-

tion methods have been described by Poullet et al. [11].

The extensive use of prior knowledge allows the quan-

tification of 20 or more metabolites, at least for high mag-

netic field strengths and excellent  B0 homogeneity [5, 

14–19]. However, even under favorable experimental con-

ditions and if correct prior knowledge is used, the separate 

quantification of some metabolites is difficult. For example, 

glutamate (Glu) and glutamine (Gln), which play an impor-

tant role in several neurological and psychiatric diseases, 

often cannot be adequately separated at lower  B0 field so 

that only their sum (Glx = Glu + Gln) is determined. Simi-

lar problems exist for the separate detection of creatine (Cr) 

and phosphocreatine (PCr), which are important metabo-

lites for the cellular energy status. The concentration of 

Cr and PCr can considerably change under specific dis-

eases [20]; however, in many cases only the total creatine 

(tCr = Cr + PCr) signal can be quantified [21].

In addition to the application as a tool for diagnostics 

and biomedical research, in vivo MRS can also be used 

to quantitatively evaluate data measured by chemical 

exchange saturation transfer (CEST) MRI. This signal 

enhancement technique allows the indirect detection of 

endogenous or exogenous molecules with exchangeable 

protons of amide, amine, or hydroxyl groups (for reviews 

see [22, 23]). Since the size of the observed CEST effect 

depends on the pool sizes (water, metabolites), an accu-

rate metabolite quantification is of central importance.

In vivo MRS studies on humans and rodents are usu-

ally conducted at a basal body temperature of about 

37 °C. However, pyrexia or anaesthesia can have a sig-

nificant impact on body temperature, with changes in 

body temperature up to about 40 °C or down to 32–35 °C 

under anaesthesia in rodents, particularly if an external 

body temperature control system is missing [24].

Recently, the use of alternative animal models for 

in vivo MR studies in experimental medicine or in com-

parative physiology have gained increasing interest, 

including those that use birds [25], lower vertebrates such 

as amphibians [26], fishes [27], and invertebrates [28]. 

The body temperatures of these organisms are usually far 

away from 37 °C or depend on their environmental tem-

perature (ectothermic animals) that can range from very 

low temperatures around the freezing point of water [29] 

up to 40 °C and higher in insects [30].

A previous study of Henry et al. [31] used 1H MRS 

to investigate the brain metabolism of ground squirrels 

before, during, and after hibernation at temperatures of 

about 37 and 7 °C. In this article, Henry et al. consid-

ered the potential influence of the temperature depend-

ence of chemical shifts and J-coupling constants by using 

separate basis sets measured at high and low temperature. 

However, it remained unclear how important the use of 

separate basis sets for the different temperatures was, i.e. 

how large the changes in chemical shifts were.

Additional studies have only examined the influence 

of temperature on the 1H chemical shifts of amide pro-

tons [32], proteins [33], and solvents used for reference 

signals [34–36]. Thus, the present study aims to deter-

mine the temperature dependence of 1H chemical shifts 

of important brain metabolites and to investigate its influ-

ence on spectrum quantification if temperature induced 

changes in chemical shift values are not taken into con-

sideration, i.e., if incorrect prior knowledge is used.

Therefore, in vitro measurements were conducted over 

a broad temperature range on phantom solutions to exam-

ine the influence of temperature changes on the 1H chem-

ical shifts, particularly of those brain metabolites which 

give rise to CEST effects. Subsequently, simulations were 

performed to analyse the consequences for spectrum 

quantification, with special focus on tCr and Glx, and the 

separate quantification of the contributing metabolites Cr, 

PCr, Glu, and Gln.
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Materials and methods

Metabolite solutions and experimental localised 

spectroscopy

All NMR measurements were performed on a 7 T animal 

scanner (BioSpec 70/20 USR, Bruker BioSpin, Ettlingen, 

Germany) equipped with a standard  B0 gradient system 

(BGA-12S2, maximum gradient strength 440 mT m−1, 

rise times 130 µs). A quadrature birdcage coil (72 mm 

inner diameter) was used for both RF excitations and 

signal detection. FASTMAP (Fast Automatic Shimming 

Technique by Mapping Along Projections) was applied 

to optimise  B0 homogeneity within the volume of inter-

est [37] ensuring line widths (full width at half maximum) 

≤6 Hz.

Localised 1H spectra were acquired using a point 

resolved spectroscopy sequence (PRESS) [38] consist-

ing of an optimised 90° Shinnar-Le Roux-pulse [39] of 

0.6 ms duration, which was calculated by the RF pulse 

module of the free software suite VESPA (version 0.8, 

http://scion.duhs.duke.edu/vespa/project), and two 180° 

Mao4-pulses of 1.75 ms duration [40]. Additionally, the 

following sequence parameters were used: echo time 

TE = 7.5 ms, repetition time TR = 15 s, number of accu-

mulations NA = 16, spectral width SW = 4006 Hz, 8192 

complex data points, a voxel size 8 × 8 × 8 mm3, and 

eddy current compensation using the unsuppressed water 

signal. The PRESS sequence was preceded by seven RF 

pulses with variable pulse power and optimised relaxa-

tion delays (VAPOR) used for water suppression [3].

For the NMR measurements of important brain metab-

olites, three or four compounds (each with 10 mM con-

centration) were dissolved in phosphate buffered saline 

(12 mM  HPO4
2−, 0.1 M NaCl) and titrated to a pH value of 

7.0. Finally, 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) 

was added as chemical shift Ref. [41]. In each group, only 

such metabolites were combined that do not cause signal 

overlap in the spectrum. Solution (1): N-acetylaspartate 

(NAA), alanine (Ala), γ-Aminobutyric acid (GABA), myo-

inositol (m-Ins). Solution (2): Cr, Gln, lactate (Lac). Solu-

tion (3): aspartate (Asp), Glu, PCr, taurine (Tau).

The tubes (Ø20 mm) filled with the metabolite solu-

tions were wrapped with heating tubing connected to a 

circulation thermostat (Lauda Eco RE 630S, Lauda-

Brinkmann, Delran, NJ, USA) for measurements at 

defined temperatures (1–43 °C). Temperature measure-

ments were performed by a two-point calibrated fibre-

optical thermometer (Luxtron 504, Polytec, Waldheim, 

Germany) inside the tubes (accuracy: ±0.1 °C).

For improved accuracy and estimation of the measure-

ment errors, each solution was measured six times at any 

given temperature.

Data processing and fitting

Data processing of the metabolites NAA, Ala, GABA, Asp, 

Cr, PCr, m-Ins, Lac, and Tau was performed using the pro-

gram ACD/NMR Processor (ACD/Labs, Academic Edi-

tion, version 12.01). Data processing consisted of apodisa-

tion with a sine function, zero filling to 16 K complex data 

points, Fourier transformation, and an interactive phase 

correction. For most metabolites, chemical shifts were 

determined by direct measurements of the peak positions.

The metabolites Gln and Glu were separately processed 

because of their complex multiplet structure. Data process-

ing was performed using a program written in the interac-

tive data language IDL (Research Systems, Inc., Boulder, 

CO, USA) with the same processing parameters as men-

tioned above. Subsequently, the chemical shift values were 

determined by a C++ program using a simplex algorithm. 

This optimisation procedure minimised the difference 

between the experimental and fitted spectra calculated 

by the GAMMA NMR library [41] and using the J-cou-

pling constants published in [12, 13] as prior knowledge. 

Downfield signals were neglected because their in vivo 

observation is hampered for most metabolites by short  T2, 

exchange processes with water, and overlapping with other 

resonances [12, 43].

The AQSES quantification algorithm allows a correction 

to frequency shifts, but only as a common correction for 

all resonances of a metabolite [11]. This would cause only 

minor quantification problems if the temperature depend-

ence of all chemical shifts were identical or at least simi-

lar. However, differences in the temperature dependence 

of chemical shifts could cause an inaccurate quantification 

as a result of using incorrect prior knowledge. Therefore, 

the temperature dependence of chemical shift differences 

between the individual resonances of a metabolite were 

determined. For all metabolites, the group of hydrogen 

atoms showing the smallest temperature dependence of 

its chemical shift with respect to the DSS signal (One-

Way ANOVA for repeated measurements; Tukey post-test; 

GraphPad Prism 5.0, Inc., San Diego, CA, USA) was used 

as subtrahend. The relation between chemical shift and 

temperature was determined by linear regression [32, 33].

Simulations and quantifications

The spectra of NAA, Ala, Asp, Cr, PCr, Glu, Gln, Lac, 

and Tau were simulated using the jMRUI software pack-

age 5.2 [44]. A C++ program with the GAMMA NMR 

library was used for GABA and m-Ins, since the simulation 

in jMRUI failed due to their large spin systems. As prior 

knowledge for 37 °C, the chemical shifts and J-coupling 

constants determined on high resolution NMR spectrom-

eters by Govindaraju et al. and Govind et al. were used [12, 
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13]. Exploiting the previously determined linear models, 

the chemical shifts were adjusted to the individual tempera-

tures. The temperature dependent changes in the J-coupling 

constants were considered negligible.

Assuming strong J-coupling, spectra were simulated 

for a symmetric PRESS sequence with TE = 8 ms, 1024 

complex data acquisition points, and a sampling interval of 

0.25 ms. Four noise-free data sets were designed to deter-

mine the influence of temperature changes on spectrum 

quantification.

Set (1) The brain metabolites NAA (9 mM), Ala 

(0.65 mM), GABA (1.5 mM), Asp (2 mM), Cr (4 mM), 

PCr (4.5 mM), Glu (8 mM), Gln (3 mM), m-Ins (6.2 mM), 

Lac (1.3 mM), and Tau (6 mM) were simulated with a typi-

cal in vivo line width of 8 Hz [3]. The metabolite concen-

trations were adjusted to mimic a rat brain [4, 5, 45]. Data 

sets were simulated for 40, 37, 35, and 32 °C to analyse the 

potential influence of pyrexia and experimentally induced 

cooling.

Set (2) Assuming a fish brain, the following metabolite 

concentrations were used: NAA (5.4 mM), Ala (0.7 mM), 

GABA (0.9 mM), Asp (1.1 mM), Cr (3.8 mM), PCr 

(4.7 mM), Glu (5.8 mM), Gln (1.3 mM), m-Ins (2 mM), 

Lac (3.7 mM), and Tau (4.6 mM) [46]. The line width was 

8 Hz. The assumed temperatures were 10 and 1 °C simulat-

ing mean temperatures under boreal and polar conditions.

Set (3) This set includes only the metabolites Cr, PCr, 

Glu, and Gln assuming the same concentrations and tem-

peratures as in set (1). To evaluate the effects of tempera-

ture induced changes in chemical shift for different experi-

mental conditions, simulated line widths were 5 Hz, 8 Hz, 

and 10 Hz.

Set (4) Same metabolites as in set (3), however, with 

concentrations and temperatures of set (2).

The temperature dependent spectra were analysed using 

the time-domain quantification method AQSES [11] as pro-

vided by jMRUI 5.2. The basis sets of metabolite profiles 

were simulated for the upfield range using the chemical shifts 

and J-coupling constants for 37 °C [12, 13] or the tempera-

ture matched chemical shift values for other temperatures. 

All basis sets were simulated for a constant concentration.

Results

Temperature dependent chemical shifts of brain 

metabolites

Figure 1 depicts the experimentally determined changes in 

the chemical shift differences of the metabolite signals as 

a function of temperature. The corresponding linear fit is 

displayed as dotted line. In order to ensure better compa-

rability between metabolites, the chemical shift differences 

were normalised to 0 ppm for 37 °C. The slopes obtained 

by linear regression are summarised in Table 1.

N-acetylaspartate (NAA) For NAA (Fig. 1a), the chemi-

cal shift difference between the signals of the 2CH3 and 
3′CH2 group was almost independent of temperature. In 

contrast, the chemical shift difference between the 2CH and 
3′CH2 group increased with increasing temperature with a 

slope of +2.5 × 10−4 ppm/K. The difference between the 
3CH2 and 3′CH2 group decreased with increasing tempera-

ture with a slope of −6.0 × 10−4 ppm/K.

Alanine (Ala) The linear regression for the two 

signals of Ala (Fig. 1b) yielded in a slope of only 

+1.5 × 10−4 ppm/K.

γ-Aminobutyric acid (GABA) The distance between the 

signals 2CH2 and 3CH2 of GABA (Fig. 1c) did not show 

any temperature dependent changes, whereas the reso-

nance of the 4CH2 group approached the 3CH2 signal with 

decreasing temperature (+7.3 × 10−4 ppm/K).

Aspartate (Asp) For Asp (Fig. 1d) the distance between 

the 3CH2 and 2CH signals did not show a significant tem-

perature dependence. In contrast, the chemical shift differ-

ence between the 3′CH2 and the 2CH signal decreased with 

decreasing temperature (+4.2 × 10−4 ppm/K).

Creatine (Cr) and Phosphocreatine (PCr) The sig-

nals of Cr and PCr showed a similar tendency (Fig. 1e, 

f), the chemical shift difference between the 2CH2 and 

the N(CH3) signal increased with decreasing temperature. 

The linear regressions yielded a slope of −6.2 × 10−4 and 

−6.7 × 10−4 ppm/K for Cr and PCr, respectively.

Glutamine (Gln) and Glutamate (Glu) The signals of 

Gln (Fig. 1g) showed different dependencies on tempera-

ture. While the 2CH signal slightly shifted away the 3′CH2 

group with decreasing temperature (−0.6 × 10−4 ppm/K), 

the distance of the 3CH2, 
4CH2 , and 4′CH2 signals to the 

3′CH2 decreased with decreasing temperature (3.4 × 10−4, 

7.6 × 10−4 and 3.0 × 10−4 ppm/K). While the 2CH, 3′CH2 

and 4CH2 signals of Glu (Fig. 1h) are shifted towards the 
4′CH2 signal with increasing temperature (−3.5 × 10−4; 

−0.4 × 10−4; −3.4 × 10−4 ppm/K), the distance of the 3CH2 

signal to the 4′CH2 signal changes by +4.9 × 10−4 ppm/K.

Myo-inositol (m-Ins) For m-Ins (Fig. 1i), similar changes 

of the signal distances of the 2CH and 4,6CH protons to 

the 1,3CH signal were observed with an averaged slope of 

+3.3 × 10−4 ppm/K, whereas the difference between the 
5CH signal and the 1,3CH signal showed the opposite ten-

dency, with a slope of −3.2 × 10−4 ppm/K.

Lactate (Lac) and Taurine (Tau) The chemical shift 

differences between the 2CH and the 3CH3 signal of Lac 

(Fig. 1j) and between the 2CH2 and the 1CH2 signals of Tau 

(Fig. 1k) showed a similar slope, but with opposite sign 

(∓3.2 × 10−4 ppm/K).

The calculated chemical shifts for the different metab-

olites and temperatures are shown in table S1 of the 
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Fig. 1  Experimentally determined chemical shift differences between signals of metabolites (symbols) as function of temperature and results of 
linear regression (dotted line)
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supplementary material. Additionally, the direction of the 

changes in chemical shifts is illustrated by an arrow.

Quantification of brain metabolites from simulated 

data sets for different temperatures

Figure 2 illustrates a typical 1H-NMR spectrum with the 

examined metabolites simulated for 37 °C. The signals are 

assigned to the metabolites and the corresponding proton 

groups.

Figure 3 depicts the percentage concentrations deter-

mined by the AQSES algorithm for data sets 1 (rat brain) 

and 2 (fish brain) simulated for the different temperature 

ranges of 40–32 °C (Fig. 3a) and 10–1 °C (Fig. 3b), respec-

tively, mimicking typical concentrations of the investigated 

brain metabolites.

For the high temperature range (Fig. 3a), the major-

ity of metabolites showed a maximum variation of 2% 

from the simulated concentrations. However, large devia-

tions were observed for Cr and PCr, e.g., with an over-

estimation of Cr by 33% at a temperature of 40 °C. In 

contrast, the Cr concentration was underestimated by 

18% at 35 °C and by 43% at 32 °C. Opposite results were 

obtained for PCr, yielding an underestimation by 26% at 

40 °C and an overestimation at 35 °C (17%) and 32 °C 

(40%). Additionally, the Asp and GABA concentrations 

were obviously underestimated and overestimated, espe-

cially at 40 °C with 9 and 8%, respectively.

Also, in the low temperature range (Fig. 3b), the con-

centration of the metabolites Ala, Lac, and Tau were 

underestimated or overestimated by only 2% or less. 

NAA and m-Ins showed an underestimation by 4% for 

10 °C and by about 6 and 4% at 1 °C, respectively. Fur-

thermore, the concentration of Asp was underestimated 

by 26% at 10 °C and by 35% at 1 °C. In contrast, the con-

centration of GABA was overestimated by 14 and 41% at 

10 and 1 °C, respectively. In the low temperature range 

Cr could no longer be quantified. In contrast, PCr was 

considerably overestimated up to 85%. Glu was slightly 

overestimated at 10 and 1 °C by about 2%. The metabo-

lite Gln showed an overestimation by about 8% at 1 °C.

Quantification of tCr and Glx from simulated data sets 

for different temperatures

Figure 4 depicts the quantification results for Cr, PCr, and 

tCr, as well as Glu, Gln, and Glx (data sets 3 and 4) using 

the AQSES algorithm again with chemical shift values 

for 37 °C as prior knowledge. The percentage values with 

respect to the simulated concentrations are shown for dif-

ferent temperatures and line widths.

For all line widths in the high temperature range, the 

Cr concentration was overestimated at 40 °C by up to 

35%, and maximally underestimated by up to 48% for 

temperatures lower than 37 °C, while PCr showed the 

opposite tendency (Fig. 4a, e, i). For data set 4 and tem-

peratures of 10 and 1 °C, a Cr signal was only found for 

the lowest line width of 5 Hz (Fig. 4b, f, j). However, the 

tCr signal showed only small deviations for all tempera-

tures and line widths, with a maximum overestimation of 

about 3% at the lowest temperatures.

For the high temperature range and all line widths 

(Fig. 4c, g, k), the concentrations of Glu and Gln deviated 

by about 2%. However, the deviations for the Glx signal are 

negligible for this temperature range and at line widths of 

5–10 Hz. At low temperatures and a line width of 5 Hz, the 

Glu and the Gln signals were overestimated by up to 10%, 

whereas at larger line widths for Gln the opposite tendency 

was observed (Fig. 4d, h, l). In the low temperature range, 

the concentration of Glx was overestimated by up to 6%.

Discussion

The aim of this study was to investigate systematic quan-

tification errors in vivo 1H MRS caused by ignoring the 

Table 1  Slopes resulting from the linear regression of the experi-
mentally determined chemical shift differences between signals of 
metabolites as function of temperature

Metabolite Difference Slope × 10−4 [ppm/K]

NAA 2CH-3′CH2 2.5070 ± 0.3126
2CH3-

3′CH2 −0.0234 ± 0.0450
3CH2-

3′CH2 −5.9990 ± 0.0505

Ala 3CH3-
2CH 1.5402 ± 0.2368

GABA 2CH2-
3CH2 −0.0211 ± 0.0346

4CH2-
3CH2 7.2800 ± 0.1022

Asp 3CH2-
2CH −0.0691 ± 0.1863

3′CH2-
2CH 4.1970 ± 0.1913

Cr 2CH2-N(CH3) −6.2166 ± 0.1158

PCr 2CH2-N(CH3) −6.6944 ± 0.1891

Glu 2CH-4′CH2 −3.4740 ± 0.2701
3CH2-

4′CH2 4.8710 ± 0.1684
3′CH2-

4′CH2 −0.3854 ± 0.1853
4CH2-

4′CH2 −3.4450 ± 0.2829

Gln 2CH-3′CH2 −0.5810 ± 0.3044
3CH2-

3′CH2 3.4090 ± 0.2326
4CH2-

3′CH2 7.6150 ± 0.2199
4′CH2-

3′CH2 2.9690 ± 0.1650

m-Ins 5CH-1,3CH −3.1710 ± 0.0725
4,6CH-1,3CH 3.1430 ± 0.1217
2CH-1,3CH 3.5590 ± 0.0483

Lac 2CH-3CH3 −3.1866 ± 0.1977

Tau 2CH2-
1CH2 3.2098 ± 0.0612
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temperature dependence of 1H NMR chemical shifts in 

algorithms using prior knowledge. Changes of chemical 

shifts of important brain metabolites were determined 

over a wide temperature range of 1–43 °C. Thus, situa-

tions caused by illness or experimentally induced temper-

ature changes in mammals as well as animal models with 

body temperatures far away from 37 °C were considered.

The phantom studies resulted in temperature coef-

ficients in the range between −6.7 × 10−4 and 

+7.6 × 10−4 ppm/K for the examined metabolites. These 

changes are of the same magnitude as the average value 

of −6 × 10−4 ppm/K measured for the established chem-

ical shift reference tetramethylsilane (TMS) published by 

Hoffman et al. [35]. It is noteworthy that the temperature 

dependence of the chemical shifts of amide protons is 

one magnitude stronger as reported by Baxter et al. for 

proteins [33] and by Arus et al. for NAA [32].

Since even weak temperature dependence can consid-

erably influence quantification results due to the use of 

incorrect prior knowledge, different data sets were evalu-

ated over a broad temperature range. Special attention was 

paid to the sum signals tCr and Glx and the possibility to 

separately quantify Cr and PCr, as well as Glu and Gln. To 

avoid any influence of noise on the quantification results, 

noise-free data were simulated. Changes in J-coupling con-

stants with temperature were assumed to be negligible, and 

only the temperature dependence of the chemical shifts was 

taken into account. The assumption of negligible changes 

in J-coupling constants was supported by evaluating the 

measured multiplets of some metabolites with rather simple 

multiplet structure as well as a comparison between meas-

ured and simulated signals such as Glu (data not shown).

In the high temperature range (32–40 °C), the AQSES 

algorithm allows an excellent or at least good quantifi-

cation of the examined metabolites, with the exception 

of Cr and PCr. While deviations from 37 °C may easily 

lead to large errors in the concentrations determined for 

Cr and PCr, the sum signal tCr is almost unaffected if the 

temperature dependence of the chemical shift values is 

not taken into account.

Also for the low temperature range (1–10 °C), 

some metabolites (Ala, Lac and Tau) show only small 
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Fig. 2  1H-NMR spectrum with the examined metabolites simulated for 37 °C and a line width of 8 Hz (data set 1)
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quantification errors of 2% or less. However, larger quan-

tification errors occur for other metabolites, which are 

systematically overestimated (GABA, PCr, Glu, Gln) or 

underestimated (NAA, Asp, Cr, m-Ins) (cf., Fig. 3). It is 

important to note that the observed specific quantification 

errors are not only a result of the individual temperature 

dependence of the chemical shifts, i.e., the use of incor-

rect prior knowledge for each metabolite. In particular, 

large errors will occur in case of severe signal overlap, 

i.e., if the signal of one metabolite can falsely be mod-

elled as signals of other metabolites with changed chemi-

cal shift values due to temperature changes.

Thus, the accurate quantification of Ala, Lac, and Tau 

at all temperatures considered is most likely due to minor 

overlapping with signals of other metabolites (Fig. 2). 

However, quantification errors of <8% were found for 

GABA in the high temperature range, but considerably 

larger errors occur at lower temperatures. These devia-

tions are caused by increased chemical shift errors at lower 

temperatures as well as the considerably lower GABA 

concentration in fish compared to rat brain. Furthermore, 

there is a considerable signal overlap with signals of other 

metabolites such as NAA, Cr, PCr, and Glu (Fig. 2). In 

particular, the overlapping with the 4CH2 multiplet of Glu, 

which is shifted towards to the 2CH2 triplet of GABA with 

decreasing temperature, makes an accurate quantification 

difficult. Also, the quantification of Asp is hampered in the 

low temperature range, due to the low concentration and 

the overlapping of the 3CH2 signal of Asp by the dominat-

ing 3CH2 multiplet of NAA and of the 2CH signal of Asp 

by the 2CH2 singlets of Cr and PCr.

A specific aim of the presented study was to determine 

the impact of the temperature dependence of chemical 

shifts on the separate quantification of Glu and Gln, as well 

as Cr and PCr, and to evaluate the potential errors for the 

sum signals tCr of Glx. The quantification of Glu and Gln 

shows deviations from the true values mainly in the low 

temperature range, with opposite tendencies for Glu and 

Fig. 3  Metabolite concentra-
tions determined by the AQSES 
algorithm for data set 1 (a) and 
data set 2 (b). The results are 
given in percent of the simu-
lated values
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Gln for a line width of 8 and 10 Hz. The different results 

for Gln at low temperatures and for a line width of 8 Hz 

(cf., Figs. 3b, 4h) maybe due to differences in signal over-

lapping of the 2CH and the 3CH2 signal of Gln with signals 

of other metabolites (cf., Fig. 2). A reason for the rather 

small deviations in the high temperature range may be the 

shift of the 4CH2 multiplets of Glu and Gln in the same 

direction (cf., Table 1 and Table S1). Thus, the quantifica-

tion will not be impeded by additional signal overlapping. 

It is noteworthy that the Glx signal is quantified with errors 

of up to 6% for all temperatures and line widths.

The most remarkable result of this study is how large the 

quantification errors for Cr and PCr are, even for narrow 

line widths and for small deviations from 37 °C, at which 

the chemical shift values of the model functions have been 

determined. Opposite tendencies with respect to under- or 

overestimation of the concentration are observed for Cr and 

PCr. The reason seems to be that the signals of the meth-

ylene-protons of Cr and PCr shift downfield with decreas-

ing temperature, i.e., the 2CH2 signal of Cr shifts with 

decreasing temperature towards the position of the 2CH2 

signal of PCr at 37 °C. Thus, at lower temperatures large 

parts of the Cr signal are quantified as PCr, resulting in an 

underestimated Cr signal and an overestimated PCr signal, 

if the basis sets of 37 °C are used. An incorrect quantifi-

cation of Cr and PCr may easily lead to a misinterpreta-

tion of the cellular energetic status. However, the tCr signal 

showed only minor quantification errors of about 3% for all 
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Fig. 4  Metabolite concentrations determined by the AQSES algorithm for Cr, PCr, Glu, Gln and the sum signals tCr and Glx (data sets 3 and 4). 
The results are given in percent of the simulated values
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temperatures and line widths, but does not give any infor-

mation about tissue bioenergetics.

In most cases, the quantification results show the 

expected influence of line width, i.e., larger deviations for 

broader line widths. However, a separate quantification of 

Cr and PCr is hampered independent of line width, even for 

small temperature changes from 37 °C. While the simula-

tions were performed for 7 T, small changes of chemical 

shifts due to pyrexia or anaesthesia should also be taken 

into account at higher  B0 to avoid quantification errors, 

even in case of an excellent separation between the  CH2 

signals of Cr and PCr [16–18]. Alternatively, the  CH3 and 

 CH2 signals of Cr and PCr could be modelled as separate 

singlet signals.

It is important to note that the quantification results 

described in Figs. 3 and 4 also depend on the relative con-

centrations of metabolites exhibiting overlapping signals. 

Thus, an increase or decrease by about 0.2 mM of GABA 

concentration, resulted in a negligible change of the quan-

tification error for 40 °C (data set 1 mimicking rat brain). 

However, the quantification error for GABA increased by 

about 5% for a decrease of 0.2 mM and decreased by about 

3% for an increase of 0.2 mM at 10 °C (data set 2 mim-

icking fish brain). Therefore, the reported quantification 

results describe the general risk of a systematic over- or 

underestimation of metabolite concentrations when using 

incorrect prior knowledge. However, the specific numbers 

will depend on the tissue composition corresponding to the 

different phantom solutions used in this study.

The quantification errors reported in this study are 

entirely induced by ignoring the temperature dependence 

of the chemical shifts and may be further amplified by 

noise and broader signals under in vivo conditions, particu-

larly for measurements on marine organisms in sea water 

[47]. Additionally, the presence of more brain metabolites 

than considered in this study may cause additional spectral 

overlapping and thus even more severe quantification prob-

lems [4].

The presented data show that the temperature depend-

ence of chemical shift values has to be considered to avoid 

systematic errors caused by using incorrect prior knowl-

edge during spectrum quantification of short TE 1H MRS 

data. Using the correct chemical shift values as determined 

in the present study will lead to unbiased data quantifica-

tion. This was verified for data set 2 (cf. supplementary 

material). However, the temperature dependence of chemi-

cal shifts should also be considered if other MR spectro-

scopic methods are to be applied at different temperatures, 

e.g., optimised editing sequences for specific metabolites of 

interest.

This study focused on the upfield signals of important 

brain metabolites exhibiting also downfield signals of 

amine protons, because an accurate quantification based 

on the upfield signals of these metabolites is essential for 

evaluating CEST effects [20, 48, 49]. In the future, the 

temperature dependence of chemical shifts of other brain 

metabolites has to be studied to build up a complete data-

base for MR quantification of data measured at a certain 

temperature.

Conclusion

The chemical shift values of upfield signals of important 

brain metabolites exhibit a temperature dependence that 

should be taken into account in quantification algorithms 

that use the chemical shift values as prior knowledge. 

Ignoring this temperature dependence may cause system-

atic quantification errors as a result of using incorrect prior 

knowledge. Minor differences to the usually assumed body 

temperature of 37 °C in humans or rodents will mainly 

affect the ability to separately quantify Cr and PCr. How-

ever, the temperature dependence of chemical shifts will be 

of considerable importance for the quantification of MRS 

data measured at lower temperatures on organisms such as 

fishes.
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