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Supplementary Information

Respiratory-gated quantitative MR spectroscopy of the human cervical spinal cord at 7 T

Tangi Roussel, Yann Le Fur, Maxime Guye, Patrick Viout, Jean-Philippe Ranjeva, Virginie Callot

 A.  Subject breathing and motion impact on spinal cord MRS

 A.1 Breath-hold spinal cord MRS

To investigate the impact of breathing on the acquisition of a localized MRS signal originating

from the spinal cord, additional experiments were carried out using a similar STEAM protocol than

described in  the method section.  Such experiments  were directly  inspired  from Vannesjo  et  al.

report about the characterization of the breathing-induced B0 field fluctuations in the spinal cord at

7 T [1]. During a time period of c.a. 3 minutes, the subject S12 was asked to breath normally and

perform 3 short consecutive breath-holds in inspiration. Each acquired non-WS individual spectrum

was  analyzed  and  the  water  resonance  FWHM  and  chemical  shift  variation  were  estimated

(Fig. S1).

As  already  shown  in  Fig. 2,  normal  breathing  impacts  the  water  resonance  linewidth  and

chemical shift. This effect is clearly observed in Fig. S1B and C where periodic changes in water

peak linewidth and chemical shift visually correlate with the recorded respiration trace. During the
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Figure S1: Impact of breath-hold on the spinal cord localized MRS signal.

Individual acquired spectra (A), recorded respiration trace (black) overlayed
with the estimated FWHM (red, B) and chemical shift changes (blue, C). The

subject S12 performed 3 short breath-holds at ca. 30, 90 and 150s. The water
resonance linewidth and frequency showed substantial changes during each

breath-hold.



3 repeated breath-holds, the estimated water peak FWHM and chemical shift stopped oscillating

and followed a time pattern that can be described as a negative rectangle function: (i) a substantial

decrease, (ii) a plateau followed by (iii) an increase to its initial level. These results confirm that

normal subject breathing modulates the acquired resonances’ lineshape and that this effect is linked

to the volume of air present in the lungs. The latter suggests that, even though the VOI is placed far

from the lungs, the changes in magnetic susceptibility effects generated from the air/tissue lung

interfaces are strong enough at 7 T to perturb the MR signal [1]. Note that the results obtained with

the  STEAM  sequence  are  not  fully  representative  for  semi-LASER  but  remained  the  only

acquisition option considering the time resolution required to observe these breathing patterns.

 A.2 Subject motion and MRS data post-correction

The automatic raw data discard algorithm developed for this study allowed an increase in the

final MRS data quality observed. As described in the results section, the general increase in spectral

quality was mainly due to the discard of individual spectrum showing peak linewidth distortions

due  to  residual  breathing  effects.  Besides  physiological  motion  such  as  breathing,  this  post-

processing method also allowed the detection of subject motion and the discard of any corrupted

MRS data. To demonstrate this feature, additional acquisitions were performed on a subject using

the  standard  semi-LASER  protocol  described  in  the  method  section.  Without  interrupting  the

acquisition and after averaging 64 scans, the subject (S17) was asked to slightly nod his head and

then return  to  its  initial  position.  Individual  acquired  spectra  and results  of  the  automatic  data

discard algorithm are shown in Fig. S2.
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Figure S2: Results of the automatic MRS data discard algorithm applied in the case of a
slight subject motion. Subject S17 was asked to slightly nod his head after accumulating

64 scans (c.a. 7min). Automatic post-analysis of the residual water resonance in each
individual scan resulted in its relative amplitude (A), linewidth (B), chemical shift (C) and

phase (D) time courses. Peak linewidth thresholds were automatically adjusted (red, B)
and corresponding scans were discarded from the dataset (E). Most of the scans acquired

after subject nodding (scan index c.a. 64) were discarded demonstrating the efficiency of
the correction algorithm in detecting motion.



The data discard algorithm automatically adjusts  thresholds to improve SNR and/or spectral

resolution. These thresholds can be set in terms of peak amplitude, linewidth, chemical shift or

phase. In the case of this particular experiment, the algorithm found that discarding data based on

the peak linewidth estimation was the optimal method to improve the final SNR and/or decrease the

final FWHM. Therefore, in this case, any individual scans showing a water peak linewidth above

17.2 Hz was discarded from the dataset (Fig. S2B). In practice, most of the data collected after the

subject nodded were discarded, which shows the efficiency of this approach to post-correct MRS

data for subject motion. Moreover, while the subject was asked to return his head and neck to its

initial position after nodding, this analysis shows that it was likely not the case – evidencing how

very slight motion can corrupt spinal cord MR acquisition in general. Note that subject motion did

not only impact the MR resonances’ FWHM but also their amplitude and phase, which directly

reflects a VOI displacement.

 B.  Normalized SNR and subject body mass index

In order to explain the high discrepancy in the MRS data quality in terms of SNR and FWHM, a

correlation  with  multiple  acquisition  parameters  but  also  with  anatomical  and  physiological

parameters were attempted. In general, the SNR of localized MRS data depends on the size of the

VOI and the number of averages (NA) acquired. As discussed in the main manuscript, some of the

datasets,  which  were  actually  discarded  because  of  low  SNR,  were  acquired  with  a  low  NA

compared with the rest of the group. A “normalized SNR” was calculated by taking into account the

volume of the VOI and the number of averages (√NA). Interestingly, the normalized SNR depends

mainly on the body mass index (BMI) of the subject and thus the voxel depth (Fig. S3).
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Figure S3: Normalized SNR depends on the subject BMI (R=0.65). Datasets which
were discarded from the group are shown with a (X) marker. Normalized SNR was

calculated by taking into account the VOI size and the number of averages.
Position of the voxel in the Y direction was calculated relative to the center of the

magnet (see colorbar). A dependence between SNR and BMI can be observed,
further explained by the position of the VOI. 



Current product RF coils used for spine imaging at 7T are surface coils. With such design, the

receive sensitivity highly depends on the distance between the coil and the VOI (Biot-Savart law).

The quality of the MRS data collected in this study was impacted by this effect. Fig. S3 shows

indeed (i) that the VOI position in the Y/AP direction (which reflects the spinal cord depth with

regards to the RF coil) relative to the center of the magnet increased with the BMI of subjects and

(ii) that the SNR decreased in high BMI subjects. A c.a. 2-fold SNR difference is observed between

subjects with low (~18) and high BMI (~25). The discrepancy of the MRS data quality in this study

cannot be explain only based on subject BMI. This analysis reveals however that subject BMI could

be a parameter to take into account when designing the MRS protocol.

 C. Inversion-recovery MRS brain spectra

As recently suggested by Cudalbu et al. [2], inversion recovery (IR) semi-LASER acquisitions

were performed to evaluate the presence and potentially model macromolecular (MM) resonances.

However,  IR-MRS experiments  are  prone to  very low SNR and require  substantial  acquisition

times. Making the simplistic assumption that the macromolecular baseline distribution is similar in

the brain and in the spinal cord, these experiments were thus carried out in human brain on one

subject  using the protocol described in the method section.  The VOI was placed in the corona

radiata brain area and its volume was adjusted to 3.38 mL. 128 averages were collected using an

inversion of 950 ms as suggested in literature [3,4]. The IR acquisitions were carried out for a TE of

30 and 40 ms corresponding to the shortest range of TEs employed for spinal cord MRS. IR and

non-IR MRS spectra were reconstructed and denoized using a 20-Hz and 5-Hz exponential decay

window, respectively (Fig. S4).

Figure S4: Semi-LASER brain spectra acquired (subject S19) with a TE of
30 ms and without inversion-recovery (solid line), with TE/TI = 30/950 ms

(dashed-dotted lines) and TE/TI = 40/950 ms (dashed lines).

MM resonances were detected in the brain at c.a. 2.2, 2.8, 3.2 and 3.8 ppm with low signal

intensities. In agreement with literature, these peaks exhibit short T2s as shown by the intensity
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drops between spectra acquired at TE=30 and 40 ms.

Recent reviews strongly recommend the acquisition and the modelization of the MM spectral

baseline when performing 1H brain MRS [2,5]. In our case, considering the average low SNR (11)

obtained on spinal cord MRS data compared to brain (c.a. 100), the modelization of such MM

baseline would result in signal intensities far below noise level.

More generally, the MM MR spectrum depends on the brain region and significant differences

have  been  reported  between  white  and  gray  matter  [2,4].  To  the  best  of  our  knowledge,  no

exploration of the spinal cord MM profile has been performed up to now. While the use of MM a

priori obtained from brain data to quantify spinal cord MRS data is tempting, it would remain only a

vague approximation and could potentially generate strong metabolite fitting biases. For all these

reasons, the modelization of macromolecular resonances was neglected except for 3 lipid peaks at

0.9, 1.3 and 1.6 ppm. 

 D. Common downfield MRS artifact

Three spinal cord MRS datasets  acquired on subjects S03, S10 and S14 showed an artifact

consisting of a large resonance appearing between 5 and 5.5 ppm (Fig. S5). While this artifact is

located in the downfield spectral range, its intensity and bandwidth can be so large that it can affect

the resonances of interest in the upfield spectrum. When observed, its presence was associated with

poor MR spectrum quality (low SNR and increased linewidth).

Figure S5: Semi-LASER spectrum acquired on subject S03 using the

protocol described in the method section. A clear artifact is visible at
c.a. 5.1 ppm (*).

The origin of this artifact remains unclear and, to the best of our knowledge, was not documented in
the  literature  [6].  When  present  in  the  spectrum,  its  intensity  is  stronger  than  any  metabolite
resonances and, in some cases, stronger than the residual water peak. The latter suggests that this
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artifact originates from poorly saturated water protons present outside of the VOI. In summary,
based on  our  observations  in  this  study,  the  presence  of  this  artifact  was  linked  to  a  specific
acquisition configuration which included: (i) very high or maximum 2nd order B0 shim voltages after
attempting to perform 2nd order shimming, (ii) a VOI relatively far from the RF coil (compared to
other subjects) and (iii) a relatively small VOI. Careful review of the shimming voltages before
acquisition should be taken to avoid the presence of such artifact.

 E.  LCModel quantification results

To evaluate the robustness of the in-house MRS quantification tool developped in this study, all

datasets were additionnally quantified using LCModel  [7]. Early 2021, LCModel was made free

and open-source  by  its  authors  and is  currently  available  on  S.  Provencher's  website1.  Default

parameters were set2 and the metabolite simulated spectrum basis file was selected according to the

TE of  the  dataset  to  fit.  The  total  choline  (tCho),  total  creatine  (tCr)  and  total  NAA (tNAA)

concentrations were computed by summing the concentration estimates from GPC and PC, Cr and

PCr, NAA and NAAG, respectively. Metabolites ratios relative to tCr were computed (Table S1). 

The metabolite ratios obtained with LCModel were not significantly different (p>0.1) from the

ratios obtained with the in-house quantification software (Tables 1 and S1) except potentially for

tNAA (p=0.02).

 F.  Respiratory-trigger parameters

As mentioned in the article, the respiratory trigger was set to occur during the expiratory phase.

Each respiratory cycle allowed the acquisition of one single average or individual spectrum. The

semi-LASER sequence timing consisted of a preparation time of 760 ms, an average TE of 46 ms

and an acquisition duration of 820 ms. Note that the acquired FID signal lasted only c.a. 100 ms.

The respiratory trace of subject S09 was analyzed and the previously described sequence timing

was plotted for each trigger time point.

1 LCModel website: http://s-provencher.com/lcmodel.shtml
2 LCModel manual: http://s-provencher.com/pub/LCModel/manual/manual.pdf
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Ratio (SD) CRB (%) COV (%)

Gln 0.71 (0.66) 72.92 41.20

Glu 0.60 (0.65) 174.29 122.75

GSH 0.39 (0.31) 122.57 54.21

mI 0.88 (0.56) 31.64 36.04

tCho 0.33 (0.15) 22.63 25.19

tNAA 1.62 (0.53) 22.23 8.01

Table S1: Quantification results obtained using LCModel over 12 healthy subjects. Metabolite

ratios and standard deviations (SD) were calculated. Coefficient of variation (COV) over 4
subjects (2 time points) were computed as well.



Figure S6: Respiratory-triggered semi-LASER sequence timing and

respiratory trace recorded for subject S09. Sequence preparation, the first
100 ms and the last 720 ms of the acquisition duration are represented in

orange, red and gray, respectively. Four breath cycles are represented.

As shown in figure S6, the sequence preparation, the echo time and the FID acquisition are all

taking place during the expiratory pause, between two respirations.
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