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Abstract

Purpose: Functional understanding of the periaqueductal gray (PAG), a clin-

ically relevant brainstem region, can be advanced using 1H-MRS. However,

the PAG’s small size and high levels of physiological noise are methodologi-

cally challenging. This study aimed to (1) improve 1H-MRS quality in the PAG

using spectral registration for frequency and phase error correction; (2) investi-

gate whether spectral registration is particularly useful in cases of greater head

motion; and (3) examine metabolite quantification using literature-based or

individual-based water relaxation times.

Methods: Spectra were acquired in 33 healthy volunteers (50.1 years,

SD= 17.19, 18 females) on a 3 T Philipps MR system using a point-resolved

spectroscopy (PRESS) sequence optimized with very selective saturation pulses

(OVERPRESS) and voxel-based flip angle calibration (effective volume of inter-

est size: 8.8× 10.2× 12.2mm3). Spectra were fitted using LCModel and SNR,

NAA peak linewidths and Cramér-Rao lower bounds (CRLBs) were measured

after spectral registration and after minimal frequency alignment.

Results: Spectral registration improved SNR by 5% (p= 0.026, median value

post-correction: 18.0) and spectral linewidth by 23% (p< 0.001, 4.3Hz), and

reduced the metabolites’ CRLBs by 1% to 15% (p< 0.026). Correlational analy-

ses revealed smaller SNR improvements with greater head motion (p= 0.010)

recorded using a markerless motion tracking system. Higher metabolite con-

centrations were detected using individual-based compared to literature-based

water relaxation times (p< 0.001).

Conclusion: This study demonstrates high-quality 1H-MRS acquisition in the

PAG using spectral registration. This shows promise for future 1H-MRS stud-

ies in the PAG and possibly other clinically relevant brain regions with similar

methodological challenges.
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1 INTRODUCTION

The periaqueductal gray (PAG) is a brainstem region

with multiple pivotal functions for the human organ-

ism including the coordination of cardiovascular, respi-

ratory, motor, and pain modulatory reactions to stress.1

Various pathological conditions present with changes in

PAG function. For instance, altered PAG functional con-

nectivity has been observed in neurodegenerative dis-

eases,2,3 migraine,4,5 headache,6 fibromyalgia,7–9 neuro-

pathic pain,10 and chronic low back pain.11 A more com-

plete understanding of PAG function in health and disease

can be gained by examining the PAG’s neurochemical

properties. 1H-MRS offers a non-invasivemethod to obtain

in vivo neurochemical information about human brain

tissue.

In the PAG, 1H-MRS has been investigated in patients

with chronic migraine,12,13 chronic daily headaches,14 and

chronic whiplash injury.15 Yet, the number of 1H-MRS

studies in the PAG is limited, whichmay be because of sev-

eral difficulties associated with 1H-MRS acquisition in this

region: first, the PAG is a small structure of ∼4 to 5mm

diameter and 14mm length,16 that is ∼5× 5× 14mm3

(anterior-posterior × left-right × foot-head). Second, the

PAG is prone to physiological noise because of its prox-

imity to pulsating anatomical structures, such as major

arteries and CSF-filled spaces.17 The existing PAG 1H-MRS

studies used different approaches to address these chal-

lenges. Lai and colleagues12 used a long TE of 144ms,

which produces a better baseline and allows a more sta-

ble detection of the main metabolites Cr, Cho, and NAA.18

However, various neurobiologically relevant metabolites,

for example, myo-inositol (mI) or glutamate (Glu), require

shorter TEs to be detected. Another option is to sacri-

fice regional specificity by using volume of interest (VOI)

sizes lager than the PAG itself (e.g., 20× 20× 20mm3)13,14

because the SNR increases proportionally to VOI size.19

Smaller VOIs require longer acquisition times to achieve

sufficient SNR, which might in turn impair the spectral

quality because of increasing frequency drifts over time

and a higher risk for head motion inducing additional

frequency and phase errors.20,21 Promising tools to cor-

rect for frequency and phase drifts or errors are offered

by advanced postprocessing techniques such as spectral

registration.20

In this study, the aim was to record high-quality
1H-MR spectra in a 8.8× 10.2× 12.2mm3 VOI covering the

PAG of healthy volunteers using a point-resolved spec-

troscopy sequence (PRESS)22,23 optimized with very selec-

tive saturation pulses (OVERPRESS)24–26 and voxel-based

flip angle calibration27,28 combined with spectral reg-

istration.20 The spectral quality was compared to the

spectral quality achieved with minimal frequency align-

ment, which is, using the unsuppressed water peak of

multiple interleaved spectra. In addition, it was investi-

gated whether spectral registration was particularly use-

ful in cases of greater head motion measured with

a markerless motion tracking system.29 Last, because

tissue-specific water T1 and T2 relaxation times vary across

different brain regions30–32 and standard literature-based

values might not generalize to the PAG, differences

in metabolite concentrations using literature-based or

individual-based water relaxation times were examined.

The data presented in this manuscript are part of a

larger study investigating differences in PAG spectra

between pain-free volunteers and chronic low back pain

patients.

2 METHODS

2.1 Participants

Thirty-five healthy volunteers were recruited via online

advertisements and oral communication. The participants

were age- and sex-matched to a cohort of chronic low back

pain patients as part of a larger study (Clinical Research

Priority Program “Pain,” https://www.crpp-pain.uzh.ch/

en.html). The patient cohort data are not part of the

present research question, and therefore, not discussed.

Inclusion criteria were between 18 and 80 years of age

and free of low back pain lasting longer than three con-

secutive days during the last year. Exclusion criteria com-

prised any major medical or psychiatric condition, preg-

nancy, inability to follow study instructions, and any con-

traindication to MRI. The study was approved by the local

ethics committee “Kantonale Ethikkommission Zürich”

(no. 2019–00136; clinicaltrials.gov: NCT04433299) and

was performed according to the guidelines of the Dec-

laration of Helsinki (2013). Written informed consent

was obtained from all participants before the start of the

experiment.

2.2 Study Design Overview

The larger study comprised three experimental sessions of

∼3 h each. The first two sessions included clinical, neu-

rophysiological, and psychophysical assessments. During

the third session, participants underwent two MR mea-

surements, one 1H-MRS scan, and one resting state func-

tional MRI scan with a break of 1 h in between. All scans

were performed after 12 pm. Only the 1H-MRS data are

subject of the present study.
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2.3 MRS

Technical details of the 1H-MRS acquisition, postprocess-

ing, and metabolite quantification are listed in Table S1.

The following sections provide a brief overview of the

applied methods.

2.3.1 Acquisition

1H-MRS was acquired on a 3 T MR system using a

32-channel receive-only phased-array head coil (Philips

Healthcare). Before 1H-MRS acquisition, high-resolution

(1mm3 isotropic) anatomical T1-weighted images were

obtained. Based on the 3D T1 images, the VOI was placed

to cover the PAG according to anatomical landmarks by

the same examiner (L.S.) for all participants (Figure 1).

Spectra were localized using a water-suppressed

single-voxel PRESS sequence22,23 (TR: 2500ms, TE: 33ms,

number of signals averaged: 512 divided into 8 blocks of 64)

optimized with six very selective saturation (VSS) pulses

(OVERPRESS)24–26 to minimize errors in chemical-shift

displacement and to achieve consistent localization vol-

umes across all metabolites of interest (Figure 1), and with

voxel-based flip angle calibration27,28 to achieve an optimal

flip angle within the VOI. Accounting for the VSS pulses,

the resulting VOI size was 8.8× 10.2× 12.2mm3 = 1.1mL.

For each individual, two water signals were acquired: one

for eddy-current correction and literature-based water ref-

erencing obtained from interleaved water unsuppressed

spectra (one before each of the 8 blocks) during the
1H-MRS acquisition in the PAG (WR-shortTR) and one for

an individual-based water referencing approach (see 2.3.3

Metabolite quantification), where a fully relaxed water

signal was estimated from a separate water reference scan

after the 1H-MRS acquisition in the PAG within the same

VOI with a TR of 10 000ms (WR-longTR) and varying

TEs (33/66/107/165/261/600ms). The 3D T1 and 1H-MRS

acquisition in the PAG took 7min 32 s and 23min 20 s,

respectively.

2.3.2 Postprocessing

For the approach with spectral registration, frequency

alignment was performed using spectral registration in

the time domain (adopted from Near et al. and Simp-

son et al.).20,33 For that, the data was filtered with a

2Hz Gaussian filter. Only the first 500ms were used for

alignment and the single averages were aligned to the

median of all averages. Without spectral registration, min-

imal frequency alignment was achieved by eddy-current

correction,34 that is, eddy-current correcting the 64 aver-

ages of each block using the unsuppressed water scan

(WR-shortTR) acquired before the respective block.

For both approaches, the postprocessed spectra were

visually checked for artifacts. Spectra with artifacts were

excluded from further analyses, as well as spectra pre-

senting with insufficient quality,28 that is, with a FWHM

value of the unsuppressed water peak (FWHM H2O;

shim quality indicator) above 2.5 median absolute devi-

ation (MAD)35 of the group median or with an SNR (as

obtained from LCModel) below 2.5 MAD of the group

median.

2.3.3 Metabolite quantification

All spectra were analyzed using LCModel (6.3).36 Metabo-

lite concentrations are reported as ratios to the unsup-

pressed water signal and reflect an estimation of metabo-

lite concentration in moles per kg of tissue water exclud-

ing water within CSF. The fully relaxed water signal was

estimated in two ways: (1) literature-based, using the

unsuppressed water signal from the WR-shortTR scans

and literature values to correct relaxation attenuation; and

(2) individual-based, using the TE series acquired with

the WR-longTR scan. Varying TEs allow to estimate the

T2 relaxation time of water within the VOI and there-

with, to obtain a subject-specific approximation of the

fully relaxed water signal.37 Next to being independent of

literature-based tissue-specific T1 and T2 relaxation times,

this approach is also less reliant on correct segmentation of

gray matter (GM), white matter (WM) and CSF compared

to the literature-based approach.

2.3.4 Motion tracking

Head motion was measured in 25 participants using the

markerless motion tracking system Tracoline TCL3 with

the TracSuite software 3.1.9 (TracInnovations) used for ret-

rospective motion correction of positron emission tomog-

raphy scans38,39 and prospective real-time motion correc-

tion of MRI scans.39,40 A more detailed description of the

Tracoline system is provided in Figure S1. A represen-

tative recording of a participant’s absolute 3D motion is

displayed in Figure 2. From this 3Dmotion recording, two

3D motion parameters were calculated (Figure 2): (1) the

3D motion SD (3D SD) during the 1H-MRS scan, repre-

senting an estimate for headmotion variability; and (2) the

difference in 3D motion (3D DIFF) from the beginning to

the end of the 1H-MRS scan, representing an estimate of

the mean head displacement.
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F IGURE 1 Volume of

interest (VOI) placement over

the brainstem periaqueductal

gray. The yellow box depicts

the VOI’s nominal size (11× 15

× 18mm3 [anterior-posterior ×

left-right × foot-head]). The

blue-shaded areas depict the six

very selective saturation (VSS)

bands used to minimize errors

in chemical-shift displacement

and to achieve consistent

localization volumes across all

metabolites of interest. The

unshaded area within the

yellow box depicts the final VOI

size (8.8× 10.2× 12.2mm3)

accounting for the VSS bands.

The schematic brain was

adapted from Servier Medical

Art (smart.servier.com).

F IGURE 2 Representative absolute 3D motion recording. The

two calculated 3D motion parameters are visually represented in

blue: 3D motion SD (3D SD) as estimate for head motion variability

and (2) the difference in 3D motion (3D DIFF) as estimate of the

mean head displacement. Figure S1 describes how mean head

displacement is related to the conventional six-parameter

description of head motion, that is, x-, y-, and z- translations and

rotations. The beginning and the end of the 1H-MRS acquisition in

the periaqueductal gray was manually labeled during the scan (red

lines) within the TracSuite software. 3D T1, anatomical T1-weighted

scan; VOI, volume of interest; WR-longTR, water reference scan

with a long repetition time.

2.4 Statistical analysis

All statistical analyses were performed using RStudio for

Mac (2022.12.0+ 353). Statistical significance was set at

𝛼 = 0.05 with a false discovery rate (FDR) correction per

tested research question. The number of corrected tests per

research question is indicated as N-FDR.

Normal distribution was assessed via inspection

of histograms and QQ-plots. Because the majority of

investigated outcome measures were not normally dis-

tributed, all values are reported as median (interquartile

range) and all statistical analyses were performed using

non-parametric tests.

SNR and FWHM of the NAA peak (FWHM NAA; as

obtained from LCModel; postprocessing quality indica-

tor), as well as absolute Cramér-Rao lower bounds (CRLB)

(relative CRLBs corrected for the metabolite concentra-

tion)41 for the metabolites tCr (Cr+ phosphocreatine),

tCho (glycerophosphocholine + phosphocholine), tmI

(mI+ glycine), tNAA (NAA+N-acetylaspartylglutamate),

pooled levels of Glu+Glutamine (Glx), and GABA, were

compared between spectra processed with spectral reg-

istration and spectra processed without spectral reg-

istration using Pratt signed-rank tests (an alternative

for Wilcoxon signed-rank tests accounting for ties)42

(N-FDR= 8).

To investigate whether spectral registration was par-

ticularly useful in cases of greater head motion, rela-

tive improvements in SNR and FWHM NAA were cor-

related with head motion variability (3D SD) and mean

head displacement (3D DIFF) using Spearman correla-

tions (N-FDR= 4).

Metabolite concentrations of tCr, tCho, tmI,

tNAA, Glx, and GABA were compared between the

literature-based and the individual-based metabolite

quantification approach, that is, using the water signal

from the WR-shortTR scan and using the water sig-

nal from the WR-longTR scan, respectively, using Pratt

signed-rank tests (N-FDR= 6).
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For Pratt signed-rank tests, effect sizes are reported as r

(small effect: 0.1 to <0.3, medium effect: 0.3 to <0.5, large

effect: ≥0.5).43

3 RESULTS

3.1 Participant demographics

Of the 35 recruited participants, one was excluded because

of a suspected neurological disorder and one discontinued

the scanning session because of discomfort. This resulted

in a sample of 33 participants (mean age of 50.1 years,

SD= 17.19, 18 females) in whom 1H-MRS was performed.

For spectra processed with spectral registration and

spectra processed without spectral registration, visual

inspection led to the exclusion of the same three partici-

pants (Figure S2). No participant presented with FWHM

H2O above or SNR values below 2.5 MAD of the sample

median.

3.2 Improved spectral quality
with spectral registration

A representative single spectrum and overlaid single spec-

tra together with the group average for both postprocess-

ing approaches are shown in Figure 3. The FWHM H2O

reflecting the quality of the shim was 5.4Hz (4.88–5.62)

(Figure 4A).

Spectral registration significantly improved the SNR

(median improvement: 4.8%, Z= 2.26, p= 0.026, r= 0.41),

FWHM NAA (22.6%, Z=−4.72, p< 0.001, r= 0.86),

and absolute CRLBs of all investigated metabolites

(1.3%–14.7%, Z<−2.22, p< 0.026, r> 0.41) of the acquired

spectra (Table 1, Figure 4B). Given the low SNR of the

single averages, spectral registration required a suffi-

ciently large residual water peak (ratio to NAA peak: 8.8

[8.40–9.60]).

3.2.1 Less improvement in spectral quality
with greater head motion

On average, participants showed a headmotion variability

(3D SD) of 0.5mm (0.32–0.73) and a mean head displace-

ment (3D DIFF) of 1.7mm (0.62–2.64) during the 1H-MRS

scan.

Greater mean head displacement (3D DIFF; ρ=−0.58;

p= 0.010), but not head motion variability (3D SD;

ρ=−0.31; p= 0.259) was associated with less relative

improvement in SNR (Figure S3). Relative improvement

in FWHM NAA was not associated with head motion

measures (ρ< 0.3; p> 0.259).

3.3 Higher metabolite concentrations
using individual-based quantification
approach

Metabolite quantification using the subject-specific

water signal from the WR-longTR scan, that is, the

individual-based quantification approach, yielded higher

concentrations for all investigated metabolites (Z> 4.29,

p< 0.001, r> 0.78) compared to the literature-based

approach using the water signal from the WR-longTR

scan (Table 1, Figure S4). T2 relaxation times estimated

via the TE series in the WR-longTR scan were 81.25ms

(77.75–84.2).

4 DISCUSSION AND
CONCLUSIONS

This study aimed to record high-quality 1H-MR spectra

with optimized regional specificity in the brainstem PAG.

Spectral registration20 was used to address the challenge

of increased frequency drifts and phase errors during the

prolonged 1H-MRS acquisition needed for the small VOI

size of 8.8×10.2× 12.2mm3. Using spectral registration,

all quality measures of the acquired spectra improved,

resulting in high spectral quality in the methodologically

challenging PAG.

Compared to previous PAG 1H-MRS studies,12–15

this study’s approach allowed higher regional specificity

together with quantification of neurobiologically relevant

metabolites detected at short TEs such as Glx. Because

these previous studies did not report spectral quality mea-

sures, a direct quality comparison is not possible.However,

the spectral quality achieved here is comparable or even

superior to studies, which examined other brainstemVOIs

of larger size44–49 and superior to one study with a brain-

stem VOI of similar size.50 Spectral registration improving

SNR and NAA linewidth by ∼5% and 23%, respectively,

is relevant for several reasons. First, using spectral regis-

tration, VOI size could be decreased by 5% or acquisition

time by 10%. This moderate effect is complemented by

the more pronounced linewidth improvement. Narrower

linewidths benefit metabolite detection independent of

SNR, for example, it has been shown that at constant SNR,

broader linewidths decrease metabolite quantification

accuracy.51 This is most likely because of hampered peak

fitting and differentiation of overlapping peaks, supported

by observations of larger absolute CRLBs with broader
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(A)

(B)

F IGURE 3 Spectra processed with and without spectral registration. Representative single spectra and overlaid LCModel fits (red line)

shown in (A) are from the same individual who showed an SNR of 18, that is, the group median, in both postprocessing approaches and an

NAA linewidth improvement from 6.9Hz without spectral registration (right panel) to 4.9Hz with spectral registration (left panel) (29.6%).

(B) Overlaid single spectra together with the group average (bold) for spectra processed with (blue) and spectra processed without (gray)

spectral registration. Spectra were acquired using a PRESS sequence optimized with very selective saturation pulses (OVERPRESS) and

voxel-based flip angle calibration (TR: 2500ms, TE: 33ms, number of signals averaged: 512 divided into 8 blocks of 64, volume of interest

size: 8.8× 10.2× 12.2mm3 = 1.1mL).
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F IGURE 4 Improved spectral quality with spectral registration. FWHM values of the water peak (FWHMH2O) (A) reflect the quality of

the shim and apply to both postprocessing approaches. Differences (Δ) in SNR and FWHM of the NAA peak (FWHMNAA) were calculated

by subtracting the values obtained without spectral registration from the values obtained with spectral registration. An improvement using

spectral registration is reflected in positive differences for SNR and in negative differences for FWHM NAA. *p< 0.05, ***p< 0.001.

linewidths.52 Glu quantification appears to be highly sus-

ceptible to linewidth broadening53 and therefore, narrow

linewidths might particularly benefit 1H-MRS focusing

on excitatory neurotransmitter levels. Here, the reported

linewidth improvement is ∼10% lower compared to the

original report of spectral registration effects that showed a

linewidth reduction of the residual water peak by 31.7%.20

This is probably explained by the fact that in the present

study, spectral registration was compared to minimal fre-

quency alignment using the unsuppressed water peak

of multiple interleaved spectra, whereas in the original

report, linewidths were compared before and after spectral

registration. RegardingGABA, PRESS sequences have lim-

itations because GABA’s signal overlaps with resonances

from other metabolites and is therefore difficult to detect.

Other techniques allow a more reliable GABA detection,

such as the Mescher-Garwood (MEGA) PRESS.54 Yet,

MEGA-PRESS is highly susceptible to frequency drifts55

and requires VOI sizes of ∼30× 30× 30mm3, making it

unsuitable for the PAG. Moreover, the CRLBs for GABA

of the present study (median absolute: 62.44 institutional

units (IU), median relative: 24%) indicate an adequate reli-

ability of the concentrationmeasurement and the detected

concentrations lie within the expected range for human

brain tissue.56 A disadvantage of the sequence used here

is the prolonged scan duration, which might be partic-

ularly challenging for patient cohorts. Advances in MR

methodology (e.g., higher field strengths) might allow to

achieve similar spectral quality with shorter scan dura-

tions. Nevertheless, the presented technique offers new

opportunities to investigate PAG function andmight trans-

late to other clinically relevant small-sized brain regions

prone to physiological noise, such as the hippocampus.

Head motion is a source for frequency and phase

errors.20,21 Because spectral registration corrects for fre-

quency and phase errors,20 it might be particularly useful

in cases of greater head motion. Interestingly, the opposite

was observed, that is, the more participants moved dur-

ing the 1H-MRS scan, the smaller the SNR improvement.

Potential reasons for this observation were examined by

exploring how spectral quality improvement and head

motion were associated with measured frequency drifts

(displayed in Figure S5) and phase errors. It was observed

that (1) spectral registration mainly improved SNR for

spectra with larger frequency fluctuations, but not phase

fluctuations; and (2) larger phase fluctuations were associ-

ated with smaller FWHM NAA improvement (Figure S6).

Therefore, in the present study, spectral registration cor-

rected for frequency errors, whereas phase errors impeded

effective spectral registration. Head motion did not cor-

relate with frequency drifts or phase errors, but previous

studies have shown that translational head motion leads

to phase shifts, whereas frequency changes in response

to small head movements may be negligible.21 Taken

together, head motion might have induced phase errors

that spectral registrationwas not able to account for, result-

ing in negative effects on spectral quality improvement. Of

note, the motion tracking system used here is based on 3D

surface tracking, which cannot be directly translated to the

actual displacement of the PAG. Therefore, it is possible

that smaller scale motion (e.g., physiological motion of the

brainstem)was corrected for by spectral registration. Over-

all, the markerless motion tracking system allows simple

real-time headmotionmonitoring, whichmight help deci-

sions on whether a sequence should be repeated because

of excessive head motion.
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The current gold standard for metabolite quantifica-

tion is referencing the metabolite signal to the water sig-

nal from the same VOI corrected for partial volume and

tissue-specific relaxation effects.57 Literature provides ref-

erence values for the required tissue-specific water T1/T2
relaxation times, but thesemight not generalize to the PAG

because T1/T2 relaxation times vary across different brain

regions.30–32 Therefore, metabolite concentrations were

not only quantified using literature-based (WR-shortTR),

but also individual-based (WR-longTR) water relaxation

times. Using the individual-based approach, 7.5% higher

metabolite concentrations were estimated compared to

the literature-based approach, meaning that the estimated

water signal was smaller when individual-based water

relaxation times were used. This effect is most likely

because of T1 relaxation time differences between the

two approaches, because the literature-based T2 relax-

ation times used here were similar to the T2 values

estimated via the TE series in the WR-longTR scan.

This result raises the question whether the standard T1
relaxation times apply to the PAG. Regardless, the “ab-

solute” metabolite concentrations reported are valuable

in that they allow comparison to future PAG 1H-MRS

studies.

In summary, spectral registration enabled the acquisi-

tion of high-quality 1H-MR spectra in the PAG, a physio-

logically and clinically highly relevant brainstem region.

This approach offers the opportunity to further investi-

gate the PAG’s neurochemical properties in health and

disease and might not only be applicable in the PAG,

but in other brain regions with similar methodological

challenges.
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SUPPORTING INFORMATION

Additional supporting information may be found in the

online version of the article at the publisher’s website.

Figure S1. Details on the markeless motion tracking

system Tracoline TCL3 (TracInnovations, Ballerup, Den-

mark). The Tracoline is a 3D stereo vision system, which

uses structured invisible infrared light to construct 3D

point clouds of the participant’s face. (A) The set-up of

the Tracoline system. (B) A 3D point cloud reconstruction

example (for participant anonymity purposes of author

LS’s face). The TracSuite software estimates head motion

by setting a reference point cloud to which subsequent

point clouds are registered to. The calculated 3D motion

represents the absolute motion of the point cloud’s cen-

troid point. (C) Schematic representation (left panel) and

mathematical description (right panel) of how 3D motion

relates to the conventional six-parameter description of

head motion, that is, x-, y-, and z- translations and rota-

tions. 3D motion reflects the length of the translation

vector between the point cloud centroid point at its starting

position T0 and the point cloud centroid point at T1. The

schematic contains only translations because rotations

cannot be accurately illustrated in this type of schematic.

Figure S2. Excluded 1H-MR spectra acquired in the brain-

stem periaqueductal gray. Based on visual inspection for

artifacts, the same three spectra were excluded for spectra

processed with spectral registration and spectra processed

without spectral registration, that is, minimal frequency

alignment using interleaved unsuppressed water peaks.

Figure S3. Less improvement in spectral quality with

greater head motion. Because the majority of investi-

gated outcome measures was not normally distributed,

a Spearman’s correlation was performed on the ranks

of the relative SNR differences (Δ; SNR with spectral

registration—SNRwithout spectral registration divided by

SNR without spectral registration; positive values reflect-

ing an SNR improvement using spectral registration) and

mean head displacement (3D DIFF) (A). To help with

interpretability, the raw data is shown in (B).

Figure S4. Higher metabolite concentrations using

individual-based water relaxation times. Differences (Δ)

in metabolite concentration estimates were calculated

by subtracting the values obtained with literature-based

water relaxation times from the values obtained with

individual-based water relaxation times. Positive dif-

ferences reflect higher metabolite concentrations

individual-based water relaxation times. ***p< 0.001.

GABA: γ-aminobutyric acid; Glx: glutamate + glutamine;

tCho: glycerophosphocholine + phosphocholine; tCr: Cr

+ phosphocreatine; tmI: myo-inositol + glycine; tNAA:

NAA + N-acetylaspartylglutamate.

Figure S5. Frequency drift as determined with spectral

registration shown for all measured subjects over the

whole 1H-MRS acquisition. To allow comparison with

previous reports of frequency drifts on Philips MR sys-

tems (e.g.,58) the values obtained in Hz were converted to

ppm (− value in [Hz] / 127+ 4.68). The observed overall

frequency drifts are comparable to previously published

data,58 except for larger subject-specific variations that

were most likely because of the smaller volume of interest

size used in the present study. The dashed line represents

the nominal water frequency (4.68 ppm).

Figure S6. Associations of spectral quality improve-

ment with frequency drifts and phase errors. Standard

deviations (SD) of measured frequencies and phases

served as measure of frequency and phase fluctua-

tions, respectively. (A) Association of SNR improvement

with frequency fluctuations. (B) No association of SNR

improvement with phase fluctuations. (C) Association

of FWHM of the NAA peak (FWHM NAA) improve-

ment with phase fluctuations. Relative differences (Δ):

value with spectral registration—value without spectral

registration divided by value without spectral registration.

An improvement using spectral registration is reflected

in positive Δ for SNR and in negative Δ for FWHM

NAA. Because the majority of investigated outcome mea-

sures was not normally distributed, Spearman’s correla-

tions were performed. Left panels show the ranked data

and, to help with interpretability, the raw data is shown

in the right panels. Multiple comparison correction was

not performed because of the exploratory nature of this

analysis.

Table S1. Technical details of the 1H-MRS acquisition

using the experts’ consensus checklist for a single voxel
1H-MRS study.

How to cite this article: Sirucek L, Zoelch N,

Schweinhardt P. Improving magnetic resonance

spectroscopy in the brainstem periaqueductal gray

using spectral registration.Magn Reson Med.

2024;91:28-38. doi: 10.1002/mrm.29832
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