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Abstract

Purpose—Evaluate B0 shim and motion navigated single voxel spectroscopy in children. Assess

the repeatability of metabolite concentrations in three regions: medial frontal grey matter,

peritrigonal white matter, and basal ganglia. Determine the extent of intra and inter acquisition

movement in this population.

Materials and Methods—Linewidth and SNR were calculated to assess spectral quality of 186

spectra at 3 T. Repeatability was assessed on 31 repeat scans. Navigator images were used to

assess localisation errors, while navigator motion and shim logs were used to demonstrate the

efficacy of correction needed during the scans.

Results—Average linewidths ± standard deviations of N-acetyl aspartate are 3.8 ± 0.6 Hz, 4.4 ±

0.5 Hz, and 4.7 ± 0.8 Hz in each region, respectively. Scan-to-scan measurement variance in

metabolite concentrations closely resembled the expected variance. 73% and 32% of children

moved before and during the acquisition causing a voxel shift of more than 10% of the voxel

volume, 1.5 mm. The predominant movement directions were sliding out of the coil and nodding

(up-down rotation). First-order B0 corrections were significant (> 10 μT/m) in 18% of

acquisitions.

Conclusion—Prospective motion and B0 correction provides high quality repeatable spectra.

The study found that most children moved between acquisitions and a substantial number moved

during acquisitions.
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INTRODUCTION

Metabolite concentrations measured with single voxel spectroscopy (SVS) can be rendered

incorrect if the subject moves between localisation and acquisition or during an acquisition

(1). Such movement can go undetected and give rise to spectra acquired from the wrong

anatomy; spectral artifacts such as frequency shifts and line shape distortions may

additionally occur. As several minutes of signal averaging are required, SVS may not be

feasible for restless or uncomfortable subjects and sedation would otherwise be required. In

this article we assess the quality of 186 echo planar imaging (EPI) volume navigated (vNav)

Point Resolved Spectroscopy (PRESS) scans acquired in 5-year-old children without

sedation (2).

The aim of the present study was to assess the quality, accuracy and measurement variance

of metabolite concentrations in spectroscopy data acquired in children in different brain

regions. In addition, we wanted to assess the type and range of motion that children in this

age range typically perform.

METHODS

SVS PRESS Sequence

vNav PRESS includes an interleaved EPI MR navigator (2). The navigator takes advantage

of the T1 recovery time in the sequence without noticeably affecting the T1 relaxation and

without adding to the total acquisition time. It uses EPI to acquire and co-register low-

resolution three-dimensional (3D) images of the subject’s head, and in this manner track

head motion. It acquires a second, interleaved, 3D EPI navigator with a different TE to track

changes in B0 and correct these in real-time using first-order shim and frequency

adjustment. Higher than first-order B0 corrections can be estimated but not applied due to

platform hardware limitations. B0 tracking ensures that optimal spectral linewidths are

maintained even when subjects move their heads. vNav PRESS updates the position of the

PRESS voxel every repetition time (TR) to correct both its position and rotation;

additionally B0 is updated using the most recent vNav acquired. A limitation of the

navigator is that motion correction is applied relative to the start of each acquisition, which

can lead to motion induced localisation errors due to motion between the localisation scan

and the start of the PRESS acquisition. The assessment of this error is described below.

The vNav setup for the PRESS sequence was: image matrix 44 × 40, 20 slice partitions,

field of view (FOV) 220 × 200 × 110 mm3, TE1/TE2 8/12.8 ms, TR 21 ms, readout

bandwidth 3906 Hz/pixel. The total duration of the navigator was 1036 ms including all

calculations and feedback to the PRESS sequence.
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Population

vNav PRESS data were acquired in three VOIs, namely medial frontal grey matter (mfgm),

right peritrigonal white matter (ptwm), and right basal ganglia (bg) (Figure 1), in 58 children

(27 males; mean age 5.4 ± 0.4 years) who have been followed since birth in two interlinked

paediatric HIV studies (3,4). Repeat scans were performed in 12 children (4 male) on

average 231 days after the first scan (range 139 – 324 days; mean age at repeat scan 5.8 ±

0.2 years) with the same localisation and protocol. The children comprised 9 uninfected

control children and 49 HIV-infected children on early interrupted or deferred continuous

antiretroviral therapy. All HIV-infected children were stable on ARV; in 92% of infected

children viral load was suppressed. The subjects enrolled in the repeat comparison were

clinically stable between the two scans and no change in metabolite concentrations was

expected between the two time points (5).

Scan Setup and Subject Preparation

Pre-scan preparation included a mock scanner where children were exposed to the noises

and feeling of being in a tunnel. This was followed by a tour of the Siemens Allegra 3T

scanner, after which they were given the choice whether to continue with scanning or not. It

was made clear that they could leave the scan at any stage should they wish and that a carer

would be present in the scan room at all times. All scans were acquired according to

protocols that had been approved by the Faculty of Health Sciences Human Research Ethics

Committee at the University of Cape Town and the Faculty of Health Sciences Health

Research Ethics Committee of Stellenbosch University. All parents/guardians provided

written informed consent.

A birdcage transmit-receive head coil was used. The protocol consisted of a three plane

localiser; a vNav set sequence for the vNav PRESS sequence (duration 1 s), which sets the

navigator position and is later used as a snapshot of the head position at the start of the

localisation scan; a motion corrected multi echo magnetisation prepared rapid gradient echo

(vNav MEMPR) (6,7) for localisation; paired water reference and vNav PRESS acquisitions

for each of the three VOIs, mfgm, ptwm, and bg. The PRESS sequence had TR/TE 2000/30

ms, readout bandwidth 1000 Hz/sample, 4 dummy measurements followed by 64

measurements taking 2 min 16 s. The voxel size was 15 × 15 × 15 mm3. Prior to

commencing the PRESS acquisitions, the frequency, first-, and second-order shims were

automatically adjusted using the system’s standard “Advanced” adjustment.

All scans were acquired and localised by expert radiographers and the absolute localisation

error for each voxel was quantified using the vNav.

Spectroscopy Pre-processing and Analysis

Data pre-processing was performed to remove residual measurement-to-measurement

frequency and phase variations. Frequency correction was achieved using a cross-correlation

of the spectrum with a simulated spectrum (8). Phase coherent averaging was achieved using

the most significant component of a singular value decomposition (8). The detected

measurement-to-measurement frequency was recorded to assess the frequency stability of

the navigator. Spectral analysis was performed in LCModel (9) where the water spectrum
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was used as a reference and to correct for eddy currents. All values are reported in

institutional units (IU).

Spectral Quality Assessment

All scans that were completed and could be processed in LCModel were assessed.

Linewidth was measured as the full width at half max of N-acetyl aspartate (NAA). SNR

was assessed using the value reported by LCModel as S/N. Spectra were graded first

according to SNR and then linewidth. The Cramér-Rao minimum variance bounds (CRB)

reported by LCModel were assessed in each of the VOIs.

Repeatability

The metabolite concentrations from the repeated acquisitions were compared to those

acquired previously in the same subjects. Metabolites where CRBs were less than 40 % in

all scans were assessed in Bland and Altman plots to assess the mean and standard deviation

of the difference.

The standard deviation of the difference (SDdiff) in metabolite concentration between the

two time points was calculated across all VOIs and subjects for each metabolite. This was

used to determine the standard deviation of each measurement (SDmeas); SDmeas is

calculated as . Using the data from all 62 acquisitions (31 repeated scans), the root

mean square of the CRB, in IU, was calculated and is denoted by RMS CRB. We

hypothesise the measured standard deviation (SDmeas) should not be significantly greater

than the fitting variance reported by the CRB if no additional (systematic) variance has been

introduced beyond the fitting procedure.

Assessment of Subject Movement

Both inter- and intra acquisition movement of each subject was assessed. The inter

acquisition movement is that between the localising structural scan (vNav MEMPR) and the

start of our spectroscopic acquisition (vNav PRESS) and results in a localisation error. The

vNav set sequence, which was run immediately prior to the vNav MEMPR, serves as a

record of the head location at the start of this scan and has the same contrast and resolution

as the vNav acquisitions during the PRESS sequence.

The vNav set sequence and the first vNav acquired during PRESS were coregistered to

determine the localisation error. Prior to registration the B0 distortion inherent in both

images was unwarped using the field maps generated by each. Unwarping was required as

the images were acquired with different B0 shim settings. The unwarping procedure used a

linear interpolation in the phase encoding direction proportional to the voxel frequency.

SPM 8 (10) was used in Matlab (Mathworks, Natick MA USA) for the coregistration. From

the registration, the absolute translation of the spectroscopy voxel relative to that chosen

using the MEMPR was calculated.

Intra acquisition subject movement was assessed using the motion recorded by the vNav and

accumulated to reflect the motion from the acquisition start to any point in the acquisition.

This motion information is contained in the navigator imaging coordinates and provides
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information on the type of motion the subject performed. To assess the effect of the

movement on the SVS voxel, the recorded motion was transformed to a coordinate system

centred on the SVS voxel. Finally the navigator logs were assessed with respect to the

subject’s orientation, namely Left-Right (L-R), Anterior-Posterior (A-P), Head-Foot (H-F).

To assess which directions were more prone to movement, the number of subjects who

moved more than 1 mm or rotated more than 2° in any direction was counted.

The stability of the navigator frequency was assessed using the results of the frequency

correction performed during pre-processing. The effect of the B0 shim gradients was

assessed by calculating the applied first-order shims relative to the shim offsets at the start of

the acquisitions. To simplify the interpretation of three orthogonal shim gradients, the

Euclidean norm of the gradients was calculated. For each acquisition an average Euclidean

norm shim gradient was calculated, which demonstrates the cumulative effect on linewidth

if shim correction has not been performed.

Statistical Analysis

Continuous variables are reported as mean ± standard deviation (SD). F-tests were

calculated as the ratio of two variances; a look up table was used to determine the critical

value of the F distribution for a significance level of p < 0.05. Pearson correlation was used

to examine associations between two variables.

RESULTS

Exclusion Criteria or Incomplete Scans

Of 70 scans attempted, mfgm SVS was acquired in 68, and ptwm and bg each in 64. A total

of four acquisitions were not completed, possibly because head movement exceeded the

limits of acceptable motion within one TR (8° rotation or 20 mm translation). Six

acquisitions (all from two subjects on the same day) failed to load into LCModel. Data pre-

processing failed in one acquisition, which was included without data pre-processing.

Results are reported for a total of 186 acquisitions, of which 31 are repeat acquisitions.

Spectral Quality

The mean linewidths of NAA are 3.8 ± 0.6 Hz, 4.4 ± 0.5 Hz, and 4.7 ± 0.8 Hz for the mfgm,

ptwm and bg VOIs, respectively. Mean SNRs are 11.9 ± 1.9, 10.1 ± 1.4 and 10.4 ± 1.4 for

the mfgm, ptwm and bg, respectively. Figure 2 plots linewidth against SNR and shows that

poorer SNR is associated with increased linewidth. The Pearson correlation coefficient

between linewidth and SNR is −0.7.

The spectra were graded first according to SNR and then linewidth. Figure 3 shows the best,

median, and worst spectra acquired in each VOI. The worst spectrum was acquired in the

basal ganglia and corresponds to the broad linewidth and low SNR outlier in Figure 2.

The CRBs for glutamate (GLU), NAA, myo-inositol (INS), glycerophosphocholine and

phosphocholine combined (GPC+PCH), N-acetyl aspartate and N-acetyl aspartyl glutamate

combined (NAA+NAAG), creatine and phosphocreatine combined (CR+PCR), and the sum

of glutamate and glutamine (GLU+GLN) were below 25% for all scans, except for one bg
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spectrum for which the CRB for INS was 38%. This spectrum corresponds to the VOI

reported in Figure 2 and Figure 3 as the worst spectrum and as demonstrated below partially

overlapped the ventricle. Figure 4 shows box and whiskers plots of the CRBs for INS, GPC

+PCH, NAA+NAAG, CR+PCR and GLU+GLN for each VOI.

Repeatability

The concentrations from all 31 repeated scans were compared in a Bland Altman plot for

NAA, INS, GPC+PCH, NAA+NAAG, CR+PCR, and GLU+GLN (Figure 5). The

measurement standard deviation (SDmeas) calculated from the difference of each of 31

repeated acquisitions and the mean concentrations of all 62 measurements (2×31) were

calculated and are summarized in Table 1. The RMS CRB (in IU) for each metabolite is

compared to the SDmeas in Table 1. Table 1 further lists the results of an F-test comparing

the two variances and shows that for all these metabolites there were no significant

differences, except for GPC+PCH for which the measured SD tended to be higher (F(30) =

1.7, p = 0.08). All 62 repeat acquisitions had an absolute localization error less than 6 mm

and on average was 2.2 mm.

Subject Movement - Within and Between Acquisitions

Localising errors present at the start of each acquisition are shown in Figure 6a. In addition,

the difference in position between the relevant water reference acquisition and the start of

the associated acquisition is plotted. A 10% error in voxel volume is shown by the dashed

black line. The displacement tends to increase with the order in which regions were

acquired. 73% of subjects moved between acquisitions causing a 1.5 mm voxel shift (10%

volume error) or greater. 41% of subjects moved between acquisitions causing a 2.5 mm

shift or greater. This localization error, the difference between the intended and acquired

voxel locations, for two subjects is shown in Figure 7. In one subject the voxel displacement

was 4 mm causing the voxel to shift into the ventricle and in the other the shift was 10.4

mm.

Within acquisition voxel shifts were assessed; this motion is corrected prospectively by the

navigator. Figure 6b, c, and d show the maximum, mean, and standard deviation,

respectively, of absolute voxel displacement for the mfgm, ptwm and bg VOIs. The voxel

moved more than 1.5 mm in 32% of acquisitions and more than 2.5 mm in 20% of

acquisitions. The standard deviation of absolute voxel shift in all scans with a maximum

shift less than 1.5 mm (115 scans) was 0.16 mm.

Finally, the navigator logs were assessed with respect to subject orientation (L-R, A-P and

H-F). More subjects moved by more than 1 mm in the Head – Foot direction than in the

other two directions (31% compared to 10% and 16% in A-P and L-R, respectively).

Similarly, more subjects rotated their heads by more than 2° up and down (about the L-R

axis) compared to the other two axes (21% compared to 6 % and 4 % about the A-P and H-F

axes, respectively).
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Frequency Stability

The standard deviations of offline frequency corrections, calculated across all scans, were

1.4 Hz, 1.7 Hz and 1.4 Hz in the mfgm, ptwm and bg VOIs, respectively. Maximum

frequency offsets for children that moved less than 2 mm during the scan were 4.32 Hz, 5.1

Hz, and 6.7 Hz in the mfgm, ptwm and bg, respectively. For those that moved more than 2

mm these maximum frequency offsets were 15.7 Hz, 12.6 Hz and 24.1 Hz in the mfgm,

ptwm and bg, respectively.

B0 Corrections

The maximum B0 gradient applied by the navigator at any time during an acquisition is

plotted in Figure 8. This is plotted as the Euclidean norm relative to the initial shim. This

maximum exceeded 10 μT/m in 18% of subjects. The standard deviations of B0 gradients

applied (Euclidean norm and not excluding scans with motion) were 2.0 μT/m, 1.7 μT/m,

and 2.0 μT/m in the mfgm, ptwm and bg, respectively. The highest averaged B0 gradient

applied over the duration of any acquisition was 7 μT/m, 7.5 μT/m and 9.5 μT/m in the

mfgm, ptwm and bg, respectively.

DISCUSSION

The goal of prospective motion and B0 navigation in SVS PRESS is to obtain consistent

spectral quality. This has been investigated in 186 acquisitions from five-year-old children.

The data gathered from these scans provide valuable insight into how much children in this

age range may be expected to move during scanning and how such motion affects the B0

shim when scanning in three different regions.

To date, a number of head pose tracking systems have been proposed for SVS. The first is

based on the prospective motion correction (PROMO) technique (11), which performs rigid

body head tracking using a magnetic resonance (MR) navigator built into the SVS

acquisition. The PROMO navigator consists of a set of three orthogonal spiral images. The

second employs an optical tracking camera setup to monitor markers attached to the

subject’s head and in turn prospectively updates the sequence (12,13). Both of these

techniques additionally perform frequency correction using either a residual water signal

(14) or an interleaved frequency MR navigator (15), and the PROMO technique has been

paired with an additional navigator to perform first order B0 shim correction (16).

In addition to real-time motion and B0 tracking and correction, offline data pre-processing is

important. This ensures that zero-order phase and frequency variations do not cause

destructive summation of measurements (17). There are a number of techniques available to

perform this step (8,14,18,19) that either use a residual water signal or spectral information.

Linewidth, defined as the full width at half maximum of a metabolite peak, determines the

spectral resolution. Spectral quality is assessed by three parameters including linewidth,

SNR, and CRBs. Narrow linewidths reduce the variance in the fitting procedure. SNR

however can be defined in multiple ways and for this reason is more complicated to compare

between studies. The measure used in this study is that reported by LCModel (9). This is
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calculated as the height of the highest metabolite peak divided by the standard deviation of

the residual after fitting.

The best linewidths for this study were found in the mfgm. The linewidths are consistent

with values reported in the literature which ranged from 3.5 Hz to 7.8 Hz in ROIs that

ranged from frontal grey matter to parietal white matter (1,20–22). On average, the

linewidth was higher in the bg, however still well within this reported range. The worst

linewidth for a single scan was in the bg, where a localization error caused it to be partly in

the ventricle.

Signal to noise ratio had a relatively larger range than linewidth. This range can be expected

as SNR is calculated using the peak value of a metabolite, which is affected by both

metabolite concentration and linewidth. The average mfgm SNR is comparable to that

reported in the literature (1) for a 7 year old child after correcting for voxel volume. As

expected, there is an inverse relationship between linewidth and SNR. This demonstrates the

reliability and consistency of the real time shim measurements.

The CRBs are the lowest possible standard deviations of all unbiased model parameter

estimates obtained from the data (23). A CRB will be affected by both linewidth and SNR

and as a result can be used to determine which metabolite concentrations were successfully

modelled. It is reported as either a concentration standard deviation or as a percentage of

metabolite concentration. Unfortunately CRBs do not scale in the same way as SNR does

with voxel size or number of averages and thus are not compared to literature reported

values. The best CRBs were consistently achieved in the mfgm, in line with the reduced

linewidth in this region. All three VOIs demonstrated CRBs under 25% for GLU, NAA,

GPC+PCH, NAA+NAAG, CR+PCR and GLU+GLN.

The acquisition parameters of these scans were chosen to keep the scan time short, 2 min 16

s, with relatively small VOIs (15 × 15 × 15 mm3). A TR of 2 s was used, which likely

results in saturation effects compared to using a TR of 3 s. While this satisfied the goals of

this study, longer scan times or larger VOIs would have increased the SNR and improved

the CRBs, making more metabolites’ concentrations quantifiable.

No user involvement was employed in the shimming procedure, with all first-order shims

being set directly by the navigator and second order shims being set by the system.

Intra subject repeatability closely resembled the CRBs, with only GPC+PCH measurement

standard deviation exceeding that predicted by the CRB. This metabolite had the lowest

measurement standard deviation, 0.12 IU compared to 0.25 IU for the next smallest and is

the likely result of the anomaly. This finding demonstrates that we have not introduced

systematic variations with our real time adjustments. Such systematic variations would be

reflected in repeatability but not in the CRB.

An assessment of the standard deviation of residual measurement frequency as observed in

the data pre-processing shows frequency fluctuations that result from a number of sources.

These include navigator error, physiological variations occurring more rapidly than the

navigator (< 1 s), and the effects of movement between the navigator and the SVS
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measurement. These variations were enough to deem data pre-processing necessary. For

subjects that did not move, the greatest frequency offset of 6.7 Hz wasn’t enough to cause a

significant shift with respect to the water saturation band.

Although it is recognised that subjects move while in the scanner, the number that move or

to what extent they move is not well documented. Many parameters affect how much a

person moves, including individual differences, comfort and how constraining the coil’s

support padding and the headphones are. In this study we observed that the predominant

types of movement were subjects ‘sliding’ out of the coil which can have both translation

(H-F direction) and rotational components (chin up and down); 31% exhibited this type of

translation and 21% of subjects this type of rotation. These are the hardest directions in

which to restrict movement, since one cannot place barriers to stop subjects sliding out of

the head coil and likewise up and down rotations are difficult to restrict in a coil that is large

compared to the subject.

The number of subjects that moved significantly (> 2.5 mm voxel shift) prior to an

acquisition was 40% compared to 20% moving significantly during an acquisition. The total

difference in position relative to the structural scan tended to increase throughout the

scanning session.

An additional source of movement error, although only significant for a handful of subjects,

is the movement between the relevant water reference and the start of the associated SVS

acquisition. This demonstrates that the greatest weakness of this navigator is the absence of

online correction for movement prior to the start of the acquisition. This process has been

demonstrated offline and should, in future developments, be incorporated into the navigator

to ensure a constant patient based frame of reference. In the mean time we recommend the

use of a tool such as AutoAlign (24,25) that ensures a patient based frame of reference.

Head movements do not necessarily have to be large to have a detrimental effect on spectral

quality as shown in Figure 7 where a movement of only 4 mm led to some ventricle being

included in the VOI. The accuracy of the navigators motion correction has been assessed

using the standard deviation of motion logs in subjects that did not move substantially

during the scan. This standard deviation is ten times lower than a 10% error in voxel

volume.

The B0 corrections that were applied in real-time were significant enough, such that if they

were not applied proportional line broadening would have resulted. A B0 gradient of 10

μT/m in our 15 mm voxel introduces a 6.3 Hz frequency distribution. This is on the order of

the largest linewidth measured in our data. All B0 changes would have given rise to spectral

degradation in one way or another. For instance, the extreme change of 30 μT/m for one

measurement can reduce the average spectral magnitude while leaving the average linewidth

unaffected, thus causing a systematic error in concentration estimation.

The accuracy of absolute metabolite quantification may be affected by motion correction if

the water reference and spectra are acquired in different locations, giving rise to changes in

B1 and B0. The method used in the work minimizes changes in B0, however it does not

address changes in B1.
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A limitation of the navigator, although not observed in this study, is that it runs with fixed

higher order shims (2nd order and above) due to hardware design limitations (lack of eddy

current compensation and real-time control of these shim channels). This may be overcome

as more sophisticated gradient amplifiers are introduced.

In conclusion B0 shim and motion navigated single voxel spectroscopy has been shown to

give reliable and repeatable spectral quality across three regions of interest in five-year-old

children. It has been found that spectral quality is comparable and sometimes better than that

reported in the literature and enabled a high success rate. The study has assessed the extent

to which these children moved in the scanner and found that most moved from acquisition to

acquisition and a significant number moved during acquisitions. In conclusion, prospective

motion and B0 correction is a valuable tool for the assurance of spectral quality and the

vNav PRESS sequence provides high quality repeatable spectra.
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Abbreviations

SVS Single voxel spectroscopy

vNav Volume EPI navigator

PRESS Point resolved spectroscopy

EPI Echo planar imaging

SNR Signal to noise ratio

CRB Cramér-Rao minimum variance bounds

ROI Region of interest

mfgm Medial frontal grey matter

ptwm Peritrigonal white matter

bg Basal ganglia
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Figure 1.
Three different volumes of interest: medial frontal grey matter, right peritrigonal white

matter, and right basal ganglia.
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Figure 2.
Spectral quality plot showing the association of poorer SNR with increased linewidth.

mfgm: medial frontal grey matter, ptwm: peritrigonal white matter, bg: basal ganglia. Note

the bg outlier at 9.8 Hz corresponds to a voxel reported in Figure 7 that overlapped the

ventricle.
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Figure 3.
The best, median, and worst spectra acquired in each VOI. The spectra shown were phase

corrected by LCModel after offline data pre-processing. For the worst spectrum in the bg,

the subject moved before the scan causing the voxel to partly overlap the ventricle.
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Figure 4.
Box and whisker plots showing the range of Cramér-Rao minimum variance bounds (%

standard deviation) for metabolite quantifications as calculated by LCModel for each VOI.
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Figure 5.
Bland Altman plots of differences in concentration at two time points as a function of the

average concentration for the 31 repeated acquisitions.
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Figure 6.
Box and whisker diagrams showing the displacement of SVS voxels from their intended

locations for each VOI. a. Inter acquisition shifts were assessed between the start of the scan

session and the relevant acquisition; “water” denotes the displacement between the relevant

water reference and the start of the relevant acquisition. b–d. Maximum, mean, and standard

deviation of displacement during each acquisition.
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Figure 7.
Incorrect voxel location due to motion between structural and SVS acquisitions. a. Coronal

and transverse slices from a subject for whom movement caused the voxel to move into the

ventricle. This small shift had a significant impact on the spectral quality and corresponds to

the outlier in Figure 2 with an SNR of 6. b. Coronal and sagittal slices for an acquisition in

peritrigonal white matter where the voxel shifted 10.4 mm. The voxel remained

predominantly in white matter.
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Figure 8.
Maximum first-order B0 gradient applied by the navigator at any time during an acquisition

for the three VOIs. Gradients are Euclidean norms computed relative to the initial shim.
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Table 1

Comparison of measurement standard deviation calculated from concentration differences of intra subject

repeated scans to the RMS CRB

Mean (IU) SDmeas (IU) RMS CRB (IU) F-Test

NAA 6.28 0.37 0.37 0.98

INS 4.17 0.43 0.51 0.71

GPC+PCH 1.20 0.12 0.09 1.71†

NAA+NAAG 6.60 0.32 0.33 0.91

CR+PCR 5.02 0.25 0.28 0.76

GLU+GLN 9.27 1.07 1.24 0.75

NAA, N-acetyl aspartate. INS, myo-inositol. GPC+PCH, glycerophosphocholine and phosphocholine combined. NAA+NAAG, N-acetyl aspartate
and N-acetyl aspartyl glutamate combined. CR+PCR, creatine and phosphocreatine combined. GLU+GLN, sum of glutamate and glutamine.

†
p<0.1
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