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Abstract 

 
 

Estimation of absolute metabolite concentrations in magnetic resonance spectroscopy (MRS) is a 

challenging procedure primarily due to the choice and acquisition of the reference signal, against which 

metabolite peak areas are converted to concentration units. Methods currently available are either 

complex or take longer data acquisition times, and these situations defeat the clinical utility of 

quantitative MRS. This study developed and implemented a quantification scheme that involved the 

extraction of the reference unsuppressed water signal from a standard clinical single-voxel 1H-MRS 

acquisition, and used novel means of correcting this reference signal for relaxation losses. Both 

relaxation-corrected metabolite and unsuppressed water peak areas were then used in a model, which 

was corrected for voxel tissue fraction and their relative proton numbers, to estimate absolute 

concentrations of N-acetyl aspartate (NAA), creatine, choline, glutamate and myo-inositol in the human 

brain. Data was acquired from the anterior cingulate cortex (ACC) with TE/TR = 35/2000 ms and 

bilateral hippocampus with TE/TR = 144/2000 ms of healthy controls and psoriatic arthritis patients (n = 

16 in each group), using the standard PRESS localization sequence with CHESS water suppression. The 

study found lower ACC creatine levels in patients at baseline (p = 0.01), and after receiving anti-

inflammatory medication (p = 0.03), compared to healthy controls. Concentrations in the left and right 

hippocampi were not significantly different (p > 0.05) in both groups. Across the three voxel positions, 

NAA and choline varied significantly before and after medication respectively. There were no significant 

gender and age associations with concentrations. Generally, concentration estimates in this study 

compared with published estimates, indicating that the method is accurate and clinically applicable.  
 

 

Keywords: Magnetic resonance spectroscopy, brain, absolute quantification, psoriatic arthritis  

 

Introduction 

Proton Magnetic Resonance Spectroscopy (1H-MRS) is 
an evolving research tool that is used to probe tissue 
metabolism. It has been used extensively as a 
complementary diagnostic technique in brain 
disorders such as cancer (Tofts and Waldman, 2003), 

multiple sclerosis (Kimura et al., 1996), and psychiatric 
conditions (Bhagwagar et al., 2007; Nery et al., 2009; 
Tanaka et al., 2006). In its application, the spectral peaks 
are quantified in two main ways (Tofts and Waldman, 
2003); either by expressing the spectral areas as ratios, or 
calculating absolute concentrations of the metabolites.  
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While the metabolite ratios technique is simple, the 
interpretation of observed changes could be 
ambiguous. This is because in its application, it is 
often assumed that the denominator of the ratio is 
constant. Creatine is often used as the standard for 
ratio calculations, assuming that creatine 
concentration remains fairly the same in most 
pathological conditions (Saunders et al., 1999). 
However, studies have shown significant variations in 
creatine concentration (Chang et al., 1998; Helms, 2008; 
Leary et al., 2000; Muñoz Maniega et al., 2008; 
Panigraphy et al., 2006; Tong et al., 2004). This, 
therefore, means that ratio calculation using creatine 
could have variations attributable to both the 
numerator and denominator spectral areas.  

On the other hand, the calculation of absolute 
metabolite concentrations is a challenging task, with a 
number of technical issues to be considered; some of 
which include the type of reference standard, accurate 
measurement of the reference concentration, coil 
loading, temperature variation between the human 
brain and external phantom, and rigorous signal 
correction procedures, to mention but a few. Various 
techniques have been proposed but these have not 
been without implications for appropriateness for 
clinical application and the accuracy of concentration 
estimates. The methods have either been cumbersome 
in terms of patients’ comfort over prolonged data 
acquisition times, or they may involve correction 
procedures in the post-processing stages which defeat 
the purpose for the use of the technique in clinical 
studies. 

The major challenge in absolute metabolite 
concentration estimation is the choice of reference 
standard to be used in the estimation process. The 
choice of reference standard determines both the data 
acquisition duration, number of correction steps that 
should be done to arrive at the concentration values, 
and the accuracy of estimated concentrations. 

The reference unsuppressed-water signal may be 
acquired from the same voxel position as the 
metabolite signals (Barker et al., 1991; Christiansen et 
al., 1993; Kreis et l., 1993; Soher et al., 1996), or from an 
external source placed close to the patient during data 
collection (Gustafsson, 2007; Keevil et al., 1998); in 
some cases, the reference signal may be acquired from 
an external source after the patient moves out of the 
scanner (Brief et al., 2009). There is, therefore, the need 
to develop and implement a method of absolute 
metabolite concentration calculation that will 
ultimately make 1H-MRS both clinically relevant and 
offer tolerable data acquisition times for patients. 

In this study, from a standard 1H-MRS acquisition 
from the brains of healthy controls and psoriatic 

arthritis patients, the unsuppressed-water signals were 
extracted and then adjusted for all possible losses in 
signal intensity and used as a reference standard for 
absolute metabolite concentration calculation. 

 

Materials and Methods 

Subjects 

The study received ethical approval (Reference number: 
09/S0701/77) from the West of Scotland Research Ethics 
Committee 4 (WoSREC4), and each participant granted 
informed consent prior to study entry. No participant 
presented with neurological or psychiatric disorder; 
none of them reported any magnetic resonance imaging 
(MRI) contraindication. A total of 32 volunteers 
participated in the study, comprising psoriatic arthritis 
patients (8 males/8 females, mean age ± SD = 46 ± 10 
years) and healthy volunteers (8 males/8 females, mean 
age ± SD = 39 ± 12 years). All participants had a baseline 
single-voxel 1H-MRS scan, and 6–8 weeks later, only the 
psoriatic arthritis group were administered with 
intravenous anti-inflammatory medication (Etanercept) 
before undergoing another 1H-MRS scan. 

 

MRI/MRS acquisition 

All MRI/MRS acquisitions were performed on a 3 T GE 
Signa HD MRI/MRS scanner equipped with an eight 
channel receive-only head coil. Structural MRI scans (T1-
weighted FLAIR sagittal, Figure 1, and T2-weighted FSE 
propeller axial images, Figure 2) of the entire head were 
acquired, using TR = 25000 ms, FOV = 24 x 24 cm2, 21 
oblique slices parallel to the hippocampus, each slice 
had a thickness of 4 mm with no slice gaps. For 
purposes of image segmentation to correct partial 
volume effects in the 1H-MRS data, a high-resolution T1-
weighted IR-FSPGR 3D axial MRI (TR/TE/TI = 
6.9/1.6/920 ms, matrix size = 320 x 160 x 4) of the head 
was also acquired. 

1H-MR spectra were acquired using the standard PRESS 
localization sequence with CHESS water suppression, 
128 signal averages (NSA), and 8 radiofrequency 
excitations (NEX). Voxel sizes were adjusted for brain 
size of each participant and positioned in the anterior 
cingulate cortex (ACC) region covering both halves of 
the prefrontal brain (Figure 1a-b), and again positioned 
in the left and right hippocampi (Figure 2a-b). Voxel 
sizes in the ACC region ranged from 8.0 to 14.5 mL, 
predominantly covering grey matter tissue; the 
hippocampal voxel sizes ranged from 5.3 to 13.2 mL. 
1H-MRS acquisitions in the ACC and hippocampal 
regions were done using TE/TR values of 35/2000 ms 
and 144/2000 ms respectively. 
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Figure 1. Voxel positions in the anterior cingulate cortex, in sagittal (a) and 

axial (b) views. 

 

 
Figure 2. Voxel positions in the right (a) and left (b) hippocampi of the 

same volunteer. 

 

Extraction of the reference water signal 

In a standard 1H-MRS acquisition, the pulse sequence 
acquires some amount of unsuppressed water signal 
from the voxel position (Figure 3). On the GE scanner 
used for this study, the PRESS pulse sequence 
acquires 16 unsuppressed-water spectral averages 
(NSA) prior to the acquisition of metabolite spectra. 
The choice of the number of linear radiofrequency 
excitations (NEX) used for a particular 1H-MRS 
acquisition determines the total number of spectral 
lines stored in the data frame (NTotal). NTotal, NEX, and 
NSA are related according to: 

 

NTotal = (16/NEX) + (NSA/NEX)                  (1) 

 

The (16/NEX) and (NSA/NEX) parts of equation (1) 
represent the unsuppressed-water and metabolite 
segments of the data frame respectively. Equation 1 
does not involve any further variables or parameters, 
but exclusively depends on those stated above. NSA 
represents the number of metabolite signal averages 
stored in the raw data file, the intensity of which is 
determined by the total magnetization captured at the 
echo time of the acquisition. Thus, during post-
processing of the data, the (16/NEX) spectral lines can 
be selectively extracted from the raw data file, 
processed and quantified to yield the unsuppressed-
water peak area, which can then be adjusted for all 

losses and used as the reference peak area to estimate 
the absolute metabolite concentrations. 

 

 
Figure 3. Number of stored lines in the data frame determined by NEX 

(NSA = 16 in both acquisitions). 

 

In Figure 3a, NEX = 2, water lines (16/NEX) = 8, 
metabolite lines (NSA/NEX) = 8; in Figure 3b, NEX = 8, 
water lines (16/NEX) = 2, metabolite lines (NSA/NEX) 
= 2. The taller peaks are the water spectra and the 
shorter peaks are the metabolite spectra. The figures are 
output images from the SAGE software package. 

During the application of the linear RF excitation pulses 
(NEX), saturation bands are also applied to ensure that 
the voxel edges are well-defined (uniform B1 field) and 
to prevent outer volume signal contamination of the 
data. 

 

Correction factors 

Since the 1H-MRS data was acquired with CHESS water 
suppression (this module runs for about 5 s prior to the 
actual data acquisition sequence, with voxel sizes 
ranging from 5.3-14.5 mL across the ACC and bilateral 
hippocampi), the optimum TE/TR pair (i.e., TE = 0 ms 
and TR ≈ 5 x T1 of water; T1 of water is about 3000 ms) 
for a fully recovered water signal was not used. Using 
TR = 2000 ms for the acquisitions in this study meant 
that only about 45% of the unsuppressed-water signal 
partially recovered between successive TR times. A 
partial recovery constant, kpr, was therefore necessary to 
correct the acquired unsuppressed water signal for the 
lost signal: 

 

𝑘𝑝𝑟 =
𝐴𝑇𝐸=23,𝑇𝑅=15000

𝐴𝑇𝐸𝑎𝑐𝑞,𝑇𝑅𝑎𝑐𝑞
                                               (2) 

 

In one healthy male volunteer, the maximum recovered 
signal without CHESS was acquired to be ATE = 23, TR = 
15000, followed by another acquisition with CHESS 
water suppression to obtain the signal area ATEacq,TRacq. 
TE = 23 ms was the lowest achievable value on the 
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scanner because gradients had to be turned ON; 
therefore, TE could not practically be equal to 0 ms. 
The kpr values for the ACC and hippocampal 
acquisitions were found to be 1.26 and 1.31 
respectively. 

 

There was also some signal loss in the acquired 
reference water signal from the brain (Abrain) due to T2 
relaxation effects, and this was compensated for 
according to: 

 

𝑅2 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝐴𝑏𝑟𝑎𝑖𝑛

exp (−
𝑇𝐸

𝑇2𝑏𝑟𝑎𝑖𝑛
)
      (3) 

 

T2brain values for the specific brain regions of interest in 
this study have been reported elsewhere (Mumuni et 
al., 2015a). Furthermore, the metabolite peak areas, 
Amet, were corrected for both T1 and T2 relaxation 
effects according to: 

𝑅𝑇1,𝑇2 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝐴𝑚𝑒𝑡

exp(−
𝑇𝐸

𝑇2𝑚𝑒𝑡
)𝑥[1−exp(−

𝑇𝑅

𝑇1𝑚𝑒𝑡
)]

   (4) 

 

T1 and T2 values of the metabolites measured in the 
exact voxel positions as in this study have been 
reported previously (Mumuni et al., 2015b). 

Tissue fraction (ftissue) of the varied voxel sizes was 
estimated from the segmentation of the voxel image 
extracted from the high-resolution T1-weighted 3D 
MRI, as previously described (Mumuni, 2017). 

 

Spectral analysis 

The raw files containing the 1H-MRS data were 
exported to a desktop computer on which the data 
processing software was installed. Time-domain 1H-
MRS signals from the eight channels of the head coil 
were eddy-current corrected, combined (Wright and 
Wald, 1997) and Fourier transformed to the 
frequency-domain; phase and baseline corrections 
were subsequently performed in the frequency-
domain. In separate analyses, the water and 
metabolite peaks were fitted to Lorentzian line shapes 
(modelled into the spectral processing software 
package according to equation 6 under Appendix), 
and their areas were estimated using the Levenberg-
Marquardt method of nonlinear least squares 
minimization (Press et al., 1992). Spectral analyses 
were performed using the SAGE software package 
(version 7). 

 

Metabolite quantification model 

Absolute metabolite concentrations, Cmet, were 

estimated from: 

𝐶𝑚𝑒𝑡 =
𝐴𝑚𝑒𝑡

𝐴𝑏𝑟𝑎𝑖𝑛𝑥𝑘𝑝𝑟
𝑥

𝑅2𝑏𝑟𝑎𝑖𝑛

𝑅𝑚𝑒𝑡
𝑥

2

𝑁𝑚𝑒𝑡
𝑥

1

𝑓𝑡𝑖𝑠𝑠𝑢𝑒
𝑥 55510 𝑚𝑀/𝐿 (5) 

where Nmet is the number of protons contributing to the 
peak area of a given metabolite, Amet (NAA = 3, Cr = 3, 
Cho = 9, mI = 4, Glu = 2 (Drost et al., 2002)), 2 is the 
number of protons contributing to the water peak area, 
and 55510 mM/L is the concentration of pure water.  

 

The mM/L concentration unit in equation (5) was 
converted to mM/kg wet weight by dividing the result 
obtained in equation (5) by the density of pure water at 
37 oC (which is 0.9934 g/mL). Thus, this final unit 
conversion referenced the estimated concentrations to 
tissue water density as: 

 

𝐶𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 =
𝐶𝑚𝑒𝑡

𝜌𝑤𝑎𝑡𝑒𝑟
     (6) 

 

Statistical analysis 

Baseline and post-medication concentrations were 
compared by a paired t-test, while group comparisons 
were done by a two-sample t-test. Age-metabolite 
concentration association was assessed using Pearson 
correlation analysis. Statistical significance was set at p 
< 0.05. All tests were performed using Minitab software 
(version 17). 

 

Results  

Intergroup and intragroup differences in age and voxel 
tissue content were found not to be significant (p > 
0.05), with or without gender stratification of the study 
participants. Any differences in metabolite 
concentrations were, therefore, not expected to arise due 
to age, voxel tissue content and gender effects, all 
together or individually across the three brain regions 
(i.e., ACC, left and right hippocampi). 

 

1H-MRS of the ACC 

Concentration estimates for N-acetyl aspartate (NAA), 
creatine, choline, glutamate, and myo-inositol are 
shown in Table 1. Metabolite concentrations were not 
gender and age dependent in both groups. Table 2 
shows the comparison between the results of this study 
and published estimates in the literature. 

 

1H-MRS of the hippocampi 

The estimated metabolite concentrations in the left and 
right hippocampi are shown in Tables 3 and 4 
respectively. At the echo-time (TE) of the acquisition, 
only three metabolites could be recorded: N-acetyl 
aspartate (NAA), creatine, and choline.  
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No significant differences were observed, including 
gender comparisons. Only creatine concentration in 
the control group had both a strong (r = 0.63) and 
significant (p = 0.03) association with age. 

No significant differences and age-concentration 

associations were observed, including gender 
comparisons. 

The results obtained in this study in the left and right 
hippocampi have been compared to published estimates 
in the bilateral hippocampus of 20 subjects (Table 5). 

 

Table 1. Comparison of estimated ACC metabolite concentrations between healthy controls and psoriatic arthritis patients  

 

 

Metabolite 

Mean concentration (SE) in mM/kg p-values for group comparisons 

Controls (C) Baseline (B) Post-medication (P) C versus B C versus P B versus P 

NAA 10.42 (0.49) 9.45 (0.35) 9.51 (0.46) 0.12 0.19 0.88 

Creatine 7.78 (0.38) 6.34 (0.38) 6.69 (0.25) 0.01 0.03 0.27 

Choline 1.83 (0.11) 2.03 (0.10) 1.94 (0.05) 0.17 0.37 0.11 

Glutamate 9.38 (0.32) 8.93 (0.45) 9.05 (0.71) 0.43 0.68 0.80 

Myo-inositol 7.66 (0.55) 6.05 (0.62) 5.87 (0.78) 0.06 0.08 0.32 

 

 

Table 2. Comparison of prefrontal brain (ACC) absolute metabolite concentrations to published estimates  

 Mean concentration (SE) in mM/kg 

Metabolite Control Baseline Post-medication Published values 

NAA 10.42 (0.49) 9.45 (0.35) 9.51 (0.46) 11.00 (0.14)a 
Creatine 7.78 (0.38) 6.34 (0.38) 6.69 (0.25) 10.6 (1.3)b 
Choline 1.83 (0.11) 2.03 (0.10) 1.94 (0.05) 1.90 (0.5)b 
Glutamate 9.38 (0.32) 8.93 (0.45) 9.05 (0.71) 9.30 (0.38)c 
Myo-inositol 7.66 (0.55) 6.05 (0.62) 5.87 (0.78) 4.70 (0.15)c 

aHam et al. (2007) 
bBarker et al. (1993) 
cMichaelis et al. (1993) 

 

 

Table 3. Comparison of estimated left hippocampal metabolite concentrations between healthy controls and psoriatic arthritis patients  

 

Metabolite 

Mean concentration (SE) in mM/kg p-values for group comparisons 

Controls (C) Baseline (B) Post-medication (P) C versus B C versus P B versus P 

NAA 7.61 (0.45) 7.98 (0.47) 8.01 (0.56) 0.58 0.59 0.63 

Creatine 6.54 (0.42) 6.24 (0.43) 6.32 (0.43) 0.62 0.72 0.83 

Choline 1.71 (0.10) 1.71 (0.14) 1.41 (0.13) 0.99 0.10 0.09 

 

 

Table 4. Comparison of estimated right hippocampal metabolite concentrations between healthy controls and psoriatic arthritis patients  

 

Metabolite 

Mean concentration (SE) in mM/kg p-values for group comparisons 

Controls (C) Baseline (B) Post-medication (P) C versus B C versus P B versus P 

NAA 8.08 (0.64) 8.23 (0.25) 8.45 (0.45) 0.83 0.64 0.55 

Creatine 6.59 (0.25) 6.81 (0.19) 6.18 (0.35) 0.50 0.37 0.42 

Choline 1.55 (0.13) 1.58 (0.24) 1.48 (0.13) 0.92 0.67 0.61 

 

 

Table 5. Comparison of hippocampal absolute metabolite concentrations to published estimates  
 
 
 
 
 
Metabolite 

Mean concentration (SE) in mM/kg 

Left hippocampus Right hippocampus Bilateral 
hippocampus 

Control Baseline Post-medication Control Baseline Post-medication Published 
values* 

NAA 7.61 (0.45) 7.98 (0.47) 8.01 (0.56) 8.08 (0.64) 8.23 (0.25) 8.45 (0.45) 7.65 (0.20) 
Creatine 6.54 (0.42) 6.24 (0.43) 6.32 (0.43) 6.59 (0.25) 6.81 (0.19) 6.18 (0.35) 6.95 (0.18) 
Choline 1.71 (0.10) 1.71 (0.14) 1.41 (0.13) 1.55 (0.13) 1.58 (0.24) 1.48 (0.13) 2.11 (0.07) 
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*Choi & Frahm (1999) 

Discussion 

Absolute metabolite concentrations have been 
measured previously by other methods. Brief et al. 
(2009) acquired a multi-echo MRI of the brain to 
measure 32 echoes with TE values ranging from 10 ms 
to 320 ms (in steps of 10 ms). A mono-exponential 
curve was then fitted to measured MRI water signal 
intensities and extrapolated to TE = 0 ms, where the 
total MRI estimated water signal area was 
theoretically estimated. This theoretically estimated 
water peak area was divided by another water peak 
area estimated from a separate MRI acquired at TE = 
30 ms. This division yielded the kpr value used to 
correct their single-voxel 1H-MRS data for signal 
losses, as has been done in this study. This method 
uses a combination of MRI and 1H-MRS to estimate 
the adjusted unsuppressed-water signal from different 
data acquisition sessions. The method used in this 
study uses signal acquired within the same session, 
and does not require the multi-echo data acquisition 
procedure. 

Methods that use external referencing require that the 
in vitro signal be corrected for differences in loading 
effects and temperature variations between the 
human head and the phantom (Dreher & Leibfritz, 
2005). The need for correction for relaxation effects, in 
addition to all other effects, complicates the entire 
metabolite concentration process, making it unsuitable 
for clinical studies.   

The acquisition of the spectra of interest with water 
suppression, followed by the acquisition of the 
unsuppressed-water signal in the same scan session 
and voxel position (Christiansen et al., 1994) appear 
appropriate. However, this doubles the total data 
acquisition time where absolute metabolite 
quantification is required. Longer data acquisition 
times mean that the patient has to remain relatively 
stable over the scan period. This is not practically 
possible, and patient motion during data acquisition 
results in motion artifacts in the data, which may 
become very poor in quality for processing and 
quantification. 

In this study, the 1H-MRS data recorded from a given 
voxel position yielded both the metabolite and 
unsuppressed reference water signals, 
simultaneously, without the need for an extra scan. 
The water signal was then adjusted and corrected for 
all possible losses, and subsequently used as a 
reference standard against which absolute metabolite 
concentrations were estimated from the anterior 
cingulate cortex, left hippocampus, and right 
hippocampus of age-matched healthy controls and 
psoriatic arthritis patients. 

 

This method offered data acquisition times (for both 
structural MRI and 1H-MRS) well within tolerable limits 
(not more than 30 minutes for setting up and scanning), 
and yet resulted in absolute metabolite concentration 
estimates comparable with published age-matched 
estimates for the prefrontal (Barker et al., 1993; Ham et 
al., 2007; Michaelis et al., 1993) and hippocampal (Choi 
& Frahm, 1999) brain regions in the healthy population.  

The acquisition of the full in vivo water signal, using the 
multi-echo acquisition method, will require at least 3 
minutes to acquire each echo signal. In order to obtain 
an accurate decay curve, a minimum of ten points will 
be required; this will mean ten acquisitions, totaling 
approximately 30 minutes, just to acquire the reference 
water signal alone. If three voxel locations are to be 
considered as has been done in this study that will 
mean a total acquisition time of 90 minutes just for the 
reference water signal acquisition alone. This study 
eliminated this extra 30 minutes acquisition at each 
voxel position, thus saving the patient a total of 90 
minutes of lying down in the scanner, expecting to 
remain fairly motionless throughout the data 
acquisition time. However, if only one reference scan 
was to be acquired from an external water phantom 
placed next to the patient’s head, then a total extra scan 
time of about 18 minutes would have been needed to 
acquire data from the three voxel positions, which was 
eliminated in the case of this study. Thus, our method 
reduced MRS data acquisition times by at least 30 
minutes and 6 minutes per voxel position, compared to 
previously implemented in vivo (Brief et al., 2009) and in 
vitro (Dreher & Leibfritz, 2005) water referencing 
techniques.     

 

This study did not decouple glutamate, glutamine and 
GABA which are often strongly coupled together at 
lower field strengths. Thus, the estimated concentration 
of glutamate in the ACC could have had contributions 
from the Glutamine and GABA resonances, though 
minimal at the TE/TR values used in this study 
(Srinivasan et al., 2004). Even though post-processing 
was done using a proprietary software package (GE 
Global Research Lab, Germany), the key step involving 
the extraction of the residual unsuppressed-water data 
can be implemented in other software packages. The 
data extraction procedure from the raw file should be 
based on the data components specified in equation 1, 
and the rest of the post-processing stages can be 
replicated.  

The MRS technique offers an advantage of identifying 
pathology in tissue before clinical manifestation of such 
a condition on conventional images, including 
structural MRI. Clinical utility of the technique is even 
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enhanced if the accuracy of the measurements is 
improved without compromising patients’ comfort. 
This paper presented a technique that can be clinically 
implemented to measure absolute metabolite 
concentrations in the brain in a manner that does not 
require extra adjustments in the clinical protocol for 
MRS studies. The standard MRS acquisition at one 
voxel position, as implemented in this study, did not 
exceed 10 minutes (including the structural MRI 
acquisition for voxel localization). This, therefore, 
means that in order to obtain the absolute 
concentrations, the suggested technique will not add 
any extra cost to the standard clinical scan, since both 
structural and biochemical data can be simultaneously 
obtained. The method is, thus, cost effective clinically.  

The basis for applying 1H-MRS in the study of 
psoriatic arthritis is that the condition, even though is 
peripheral inflammation, has been reported to 
influence brain metabolism (Ahmed, 2011; Miller et al., 
2009).  

 

Error analysis and uncertainties in the measurements 

The use of correction factors for partial spin recovery 
in the water signal and relaxation times could lead to 
systematic errors in the estimated concentrations. 
Firstly, the estimation of the total water signal 
intensity did not consider contributions from fluid-
filled cavities (e.g., cysts and ventricles). It is, 
therefore, possible that the reference water signal 
could have been underestimated even after correction 
for partial recovery, by at most 20%. Secondly, 
previously measured T1 and T2 relaxation times were 
used to correct the spectra for relaxation effects. 
Discrepancies between the actual tissue relaxation 
times in the current study and the retrospectively 
measured relaxation times in a separate study may 
have implications for the measurements, arising from 
scanner operational variations and set up issues.  

The metabolite peaks (notably NAA, glutamate, and 
choline) have overlapping resonances and may each 
have contributions from other compounds. Such 
overlaps may introduce random errors in the 
measurements, particularly in cases where spectral 
processing did not adequately correct the data for 
patient motion. 

 

Conclusions 

Quantification of brain metabolites using an 
optimized unsuppressed-water signal acquired 
simultaneously with the metabolite signals was 
developed and implemented in this study. Absolute 
metabolite concentrations estimated from the 
technique were found to be comparable to published 
values. The technique offers shorter data acquisition 

times, accurate absolute metabolite concentration 
estimates, and is directly clinically applicable. 
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Supplementary Information 
Equation 1: Spectral averaging during data 
acquisition on the MR scanner 

The spectroscopy pulse sequence is implemented on 
the MR scanner in such a way that the total number of 
spectral lines (Ntotal) is the sum of 16 unsuppressed-
water spectral lines and metabolite spectral lines (i.e., 
number of spectral averages, NSA). The choice of the 
number of radiofrequency excitations (NEX) prior to 
data acquisition then determines the number of visible 
unsuppressed-water and metabolite spectral lines 
stored in the data frame (i.e., the raw data file), 
according to the summation equation: 

 

Ntotal = (16/NEX) + (NSA/NEX)   (i) 

 

If NEX = 1, then the total number of spectral lines to 
be stored in the data frame will consists of 16 
unsuppressed-water lines and NSA metabolite 
spectral lines.  

 

Equation 2: The partial recovery constant, kpr, for the 
reference water signal 

Suppressed-water spectra have two sources of signal 
intensity losses: intensity loss due to the application of 
the water suppression pulse and intensity loss due to 
the choice of echo time (TE) and repetition time (TR) 
other than the ideal maximum TE and TR times for 
optimum water signal intensity acquisition (i.e., TE = 
0 ms and TR ≈ 5 x T1 of water; where T1 of water is 
about 3000 ms).  

Thus, theoretically, optimum intensity = acquired 
intensity x adjustment factor  

The adjustment factor here serves as the partial recovery 
constant, kpr, which multiplies the acquired intensity to 
obtain the expected fully acquired signal intensity.  

Therefore, ATE=0,TR=15000 = ATEacq,TRacq x kpr, but TE = 0 
ms is not practically possible on the scanner, and so 
the least achievable TE value of 23 ms was used. 
Finally,  

 

𝑘𝑝𝑟 =
𝐴𝑇𝐸=23,𝑇𝑅=15000

𝐴𝑇𝐸𝑎𝑐𝑞,𝑇𝑅𝑎𝑐𝑞
,    (ii) 

 

where ATEacq,TRacq is the signal intensity obtained using 
the TE and TR values other than the optimal values 
for standard data acquisition, whereas ATE = 23, 

TR=15000 is the signal intensity acquired using TE = 
23 ms and TR = 15000 ms   

 

 

 

Equation 3: Compensation of the reference water signal 
for T2 losses 

The T2 relaxation process results in a mono-exponential 
decay of signal according to: 

 

𝐴𝑡 = 𝐴𝑜exp (− 𝑡 𝑇2⁄ )    (iii) 

 

where At is the acquired signal intensity at a given echo 
time (TE), t is the actual echo time of the acquisition, T2 
is the spin-spin relaxation time, and Ao is the maximum 
signal achievable in the absence of T2 relaxation effect. 

Making Ao the subject from the above base equation, 

 

𝐴𝑜 =
𝐴𝑡

exp (−
𝑡

𝑇2
)
     (iv) 

 

And re-writing the resulting equation in terms of the 
specific variables for this study, replacing Ao with R2 

corrected signal, At with Abrain, T2 with T2brain, and t with 
TE gives: 

 

𝑅2 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝐴𝑏𝑟𝑎𝑖𝑛

exp (−
𝑇𝐸

𝑇2𝑏𝑟𝑎𝑖𝑛
)
   (v) 

 

Finally, letting  

 

R2brain = exp(-TE/T2brain)   (vi) 

 

𝑅2 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝐴𝑏𝑟𝑎𝑖𝑛

𝑅2𝑏𝑟𝑎𝑖𝑛
   (vii) 

 

Equation 4: Correction of the metabolite peak areas for 
T1 and T2 relaxation effects 

If a signal undergoes both T1 and T2 relaxation decay 
processes, then the total relaxation effect on its intensity 
is theoretically given by: 

 

𝐴𝑡 = 𝐴𝑜 (1 − exp (−
𝑇𝑅

𝑇1
)) 𝑥 exp (−

𝑇𝐸

𝑇2
)  (viii) 

 

where At is the acquired signal intensity at a given echo 
time (TE) and repetition time (TR), T1 is the spin-lattice 
relaxation time, T2 is the spin-spin relaxation time, and 
Ao is the maximum signal achievable in the absence of 
T1 and T2 relaxation effects. Making Ao the subject from 
the above base equation, 
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𝐴𝑜 =
𝐴𝑡

(1−exp(−
𝑇𝑅

𝑇1
))𝑥 exp (−

𝑇𝐸

𝑇2
)
   (ix) 

 

And re-writing the resulting equation in terms of the 
specific variables for this study, replacing Ao with 
RT1,T2 corrected signal, At with Amet, T2 with T2met, and 
T1 with T1met gives: 

 

𝑅𝑇1,𝑇2 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝐴𝑚𝑒𝑡

exp(−
𝑇𝐸

𝑇2𝑚𝑒𝑡
)𝑥[1−exp(−

𝑇𝑅

𝑇1𝑚𝑒𝑡
)]

   (x) 

 

Finally, letting  

 

Rmet = exp (−
𝑇𝐸

𝑇2𝑚𝑒𝑡
) 𝑥 [1 − exp (−

𝑇𝑅

𝑇1𝑚𝑒𝑡
)], 

𝑅𝑇1,𝑇2 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝐴𝑚𝑒𝑡

𝑅𝑚𝑒𝑡
  (xi) 

 

Equation 5: Estimation of metabolite concentrations 
using the internal water reference signal 

From first principles in 1H-MRS, 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∝  
𝑅𝑠𝑖𝑔

𝑁𝑝𝑟𝑜𝑡𝑜𝑛𝑠
   (xii) 

 

where Rsig is the relaxation corrected signal area 
contributing to that concentration, while Nprotons is the 
number of protons contributing to that concentration. 
Thus, if Cmet is metabolite concentration, Rmet is the T1 
and T2 relaxation corrected metabolite signal, and Nmet 
is the number of protons contributing to the particular 
metabolite, then: 

 

𝐶𝑚𝑒𝑡 ∝ (
𝐴𝑚𝑒𝑡

𝑅𝑚𝑒𝑡
)/𝑁𝑚𝑒𝑡     (xiii) 

 

The same expression can be written for brain tissue 
water concentration also: 

 

𝐶𝑏𝑟𝑎𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 ∝ (
𝐴𝑏𝑟𝑎𝑖𝑛𝑥𝑘𝑝𝑟

𝑅2𝑏𝑟𝑎𝑖𝑛
)/2   (xiv) 

 

In the above expression for brain tissue water, kpr 
corrects the water signal area for partial recovery 
losses, whereas R2brain corrects it for T2 losses; the 
constant, 2 refers to the number of protons (the 2 
hydrogen atoms in H2O) contributing to the water 
peak. Dividing equation (xiii) by equation (xiv) and 
making Cmet the subject of the resulting equation, 
 

𝐶𝑚𝑒𝑡 ∝ (
𝐴𝑚𝑒𝑡

𝑅𝑚𝑒𝑡
) 𝑥 (

𝑅2𝑏𝑟𝑎𝑖𝑛

𝐴𝑏𝑟𝑎𝑖𝑛𝑥𝑘𝑝𝑟
) 𝑥 (

2

𝑁𝑚𝑒𝑡
) 𝑥𝐶𝑏𝑟𝑎𝑖𝑛 𝑤𝑎𝑡𝑒𝑟  (xv) 

 

Since Cbrain water was not directly estimated in this study, 
the concentration of pure water at 37 oC, which is a 
constant value (55510 mM/L), was used: 

 

𝐶𝑚𝑒𝑡 = (
𝐴𝑚𝑒𝑡

𝑅𝑚𝑒𝑡
) 𝑥 (

𝑅2𝑏𝑟𝑎𝑖𝑛

𝐴𝑏𝑟𝑎𝑖𝑛𝑥𝑘𝑝𝑟
) 𝑥 (

2

𝑁𝑚𝑒𝑡
) 𝑥 55510 𝑚𝑀/𝐿(xvi) 

 

Finally, the estimated concentration is corrected for 
tissue fraction (ftissue) encompassed in the voxel during 
data acquisition; this is done by dividing the above 
equation by the tissue fraction to obtain: 

 

𝐶𝑚𝑒𝑡 =
𝐴𝑚𝑒𝑡

𝐴𝑏𝑟𝑎𝑖𝑛𝑥𝑘𝑝𝑟
𝑥

𝑅2𝑏𝑟𝑎𝑖𝑛

𝑅𝑚𝑒𝑡
𝑥

2

𝑁𝑚𝑒𝑡
𝑥

1

𝑓𝑡𝑖𝑠𝑠𝑢𝑒
𝑥 55510 𝑚𝑀/𝐿      (xvii) 

 

In relation to the data presented in the study, equation 
(1) explains the lines of spectral data that were 
separated into unsuppressed reference water and 
metabolite signals; these were then processed into the 
water (Abrain) and metabolite (Amet) peak areas. 
Equations (2) and (3) respectively corrected the 
reference water signal for partial recovery and T2 
relaxation losses. Equation (4) corrected the metabolite 
peak areas for both T1 and T2 relaxation losses, and 
equation (5) was used to estimate the absolute 
metabolite concentrations, using the results from 
equations (1) to (4), and some relevant constant values. 

 

Equation 6: Lorentzian line shape model implemented 
in the SAGE software package used for the spectral 
analysis 

The Lorentzian line shape is given as: 

  

𝑓(𝜐 − 𝜐𝑜) =
√𝜎

√𝜋[𝜎2+(𝜐−𝜐𝑜)2]
   (xviii) 

 

where 𝑓(𝜐 − 𝜐𝑜) is the amplitude of the signal, 𝜎 is the 
full-width of the peak at half of its maximum height, 
and (𝜐 − 𝜐𝑜) is the value of the field measured from the 
centre frequency. 

 

 


