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ABSTRACT

'H-MR spectroscopy studies often use a short TR to reduce scan time. However, this causes significant T -weighting (T,w),
which can alter metabolite estimates due to acquisition factors rather than biochemistry. Our goal was to determine the optimal
balance between scan time and TR that minimizes T,w effects in semi-LASER MRS at 3T. Spectra were acquired in the poste-
rior cingulate cortex of five healthy volunteers (2 male/3 female, mean age 25+ 2years) and analyzed using FSL-MRS. The SNR
and metabolite estimates of five metabolites were compared at TR=2, 5, and 8s, under conditions of “similar scan time” with
varying acquisition numbers and “constant number of acquisitions” with varying scan times. T, relaxation times derived from
metabolite estimates were compared to literature. With a 25% longer scan time, SNR _.. was 34% higher and SNR;_, was
29% higher than SNR, _ . for data with “similar scan times.” Using a TR=>5s or longer, the SNR per minute is consistent for
metabolites with T s less than 2s. Metabolite estimate trends were similar for the two different scenarios of “similar scan time”
and “same number of acquisitions,” where all metabolite estimates were obtained without metabolite T, correction. The largest
metabolite estimates were found at TR =8s, they were 10-15% lower at TR =5s and 15-30% lower at TR =2s. T, values agreed
with literature values. At TR =2s, SNR per minute and metabolite estimates were lower due to reduced signal availability via T,;w
effects. TR =8s had the least amount of T,w effects, but results in lower SNR per minute. TR =5s had enough signal recovery to
be robust to T,w effects, and yielded the largest SNR for similar scan times, with a clinically feasible scan time of 5m 40s. Using
semi-LASER MRS with a TR=5s is recommended to improve the sensitivity of MRS to changes in metabolite estimates.

Abbreviations: ap, anterior-posterior direction; CSF, cerebrospinal fluid; FAST, FMRIB Automatic Segmentation Tool; fh, foot-head direction; FMRIB, functional
MRI of the brain; FOV, field of view; FSL, FMRIB Software Library; FWHM, full-width half-maximum; Glu, glutamate; GM, grey matter; HLSVD, Hankel Lanczos
singular value decomposition; IR, inversion recovery; mI, myo-inositol; MPRAGE, magnetization prepared rapid gradient echo; NAA, N-acetyl aspartate; NSA,
number of spectra acquired; PCC, posterior cingulate cortex; PS, progressive saturation; rl, right-left direction; semi-LASER, semi-adiabatic localization by adiabatic
selective refocusing; T,w, T,-weighting; tCho, total choline; tCr, total creatine; WM, white matter.
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1 | Introduction

Magnetic resonance spectroscopy (MRS) can provide quantita-
tive information about the biochemical makeup, or metabolites,
of the brain. However, MRS data quality and the quantification
of metabolites can be influenced by a variety of data collec-
tion parameters including the localization sequence, the water
suppression method, the TE, and the TR [1, 2]. Many clinical
MRS studies opt for a short TR of 2s to reduce scan time. With
a shorter TR, it is possible to collect more acquisitions during
the MRS experiment, which is assumed to increase the SNR per
unit time [3-7]. However, using a TR that is less than approxi-
mately five times the length of the metabolite longitudinal relax-
ation time leads to significant T,-weighting (T,w) effects, which
means there is not enough time between repeated acquisitions
for the signal to completely recover. Consequently, less signal is
available to be excited on the following acquisition, which leads
to an apparent reduction of the metabolite estimates due to these
T,w effects, without correction for T, values. For example, at a
magnetic field strength of 3T, some brain metabolites have T,
relaxation times of ~1.5s [8-11]. If MRS data is collected using a
TR of 2, these metabolites will be heavily T,w, while other me-
tabolites with shorter T, relaxation times will be less affected.
Given that T, times increase with field strength, and that more
neurological studies are being conducted at 3T, and even 7T, the
potential issue of T,w in MRS studies needs to be considered
[12, 13].

The MRS expert consensus series directly addresses the impact
of short TR on metabolite quantification, stating that T | w effects
need to be corrected for using known metabolite T, relaxation
times, and that a TR <3s is more practical for human studies
[14]. However, the consensus T, relaxation times are different
for each metabolite, and can change based on brain region, age,
and sex of the participant, and/or any pathology or disease pres-
ent [15, 16].

Estimating metabolite T, relaxation times is challenging and
time-consuming as multiple MRS acquisitions are required to
populate the T, relaxation curve. Metabolite T, times are typi-
cally only calculated for high SNR metabolites, with estimates
for low SNR metabolites being impractical. Measuring the T,
of all metabolites present in all brain regions, all ages, sexes,
pathologies, and field strengths quickly makes for a Sisyphean
task. Therefore, relying on a correction method to undo the T,w
effects imposed by using a short TR seriously diminishes the ac-
curacy of MRS and hinders cross-study agreement.

Using a longer TR reduces the effects of T,w, minimizes the
variability in T, corrections imparted on metabolite estimates,
and provides results that more accurately reflect true metabo-
lite estimates. A longer TR will also enable more accurate com-
parisons across studies and in different diseases or conditions.
However, increasing the TR either increases the total scan time
or it requires one to reduce the number of acquisitions to main-
tain the same total scan time, potentially reducing the SNR.
The overall goal of our study was to determine the optimal
balance between TR and scan time to minimize T,w effects.
Specifically, we characterized the effect of different TRs on
SNR and metabolite estimates using semi-LASER MRS at 3T,
under conditions of similar scan time with varying acquisition

numbers, and constant number of acquisitions with varying
scan times. We also compared metabolite T, relaxation times
determined using a limited number of TRs to known literature
values.

2 | Materials and Methods
2.1 | Data Collection

MRS data was acquired on a 3-T Philips Ingenia Elition X with a
'H 32-channel receive-only head coil at the UBC MRI Research
Centre (RRID:SCR_025374). Five healthy volunteers (2M/3F,
mean age 25+2years) were scanned after obtaining written,
informed consent, as approved by the local clinical research
ethics board. Data collection began with a structural, 3D-T,
scan (MPRAGE, TE/TR=4.3/2400ms, 225 slices, 0.8-mm iso-
tropic resolution, FOV [ap, fh, rl]=256mm X256 mm X 180m
m). MRS signal localization was acquired in a 30X 20X 13 mm?
(7.8cm?) voxel in the posterior cingulate cortex (PCC) via semi-
LASER [17] (excitation pulse: maximum B, =22uT, average
B,=3.04uT, duration=4.38ms, bandwidth=3710Hz; adia-
batic pulses: maximum B, =22 uT, average B, =18.33uT, dura-
tion=4.45ms, bandwidth=6597Hz) in the PCC (TE=32ms,
spectral bandwidth=2000Hz, 2048 samples, manufacturer-
provided “Excitation” option, which is a two-pulse variation on
chemical shift selective [CHESS] water suppression). The SAR
levels of the semi-LASER sequence remained consistent across
TRs and well below the scanner-imposed limit, and the consis-
tent B, amplitudes across TRs ensured consistent volume local-
ization. Spectra were obtained at three different TRs for each
volunteer (TR=2s, number of spectra acquired [NSA]=128;
TR=5s, NSA=64; TR=8s, NSA=64). All acquisitions for each
TR were acquired in one scan and the order of scans was ran-
domized for each volunteer (V1: TR=8, 2, 5s; V2: TR=5, 8,
2s; V3: TR=38, 2, 5s; V4: 2, 5, 8s; V5: TR=2, 8, 55). Acquisition
numbers were in multiples of 32 to account for the 32-step phase
cycling scheme of the semi-LASER localization sequence [17].
Additionally, each scan began with four dummy scans and
four unsuppressed-water acquisitions. All transients were coil-
combined on the scanner, then saved individually to allow for
comparisons between similar scan times at different TRs and
between the same NSA at different TRs. The breakdown of how
data was separated into these two categories is summarized in
Table 1. In situations where acquisitions were removed (TR =25,
64 NSA and TR=8s, 32 NSA), the second half of the acquisi-
tions were excluded to simulate an MRS acquisition with the
desired NSA. Power optimization calibration and manufacturer-
provided B, shimming were conducted once, at the start of the
first MRS scan.

2.2 | Data Analysis

The 3D-T, scan was segmented with the Functional MRI of
the Brain (FMRIB) Software Library (FSL), using the FMRIB
Automatic Segmentation Tool (FAST) [18] into components of
white matter (WM), grey matter (GM), and cerebrospinal fluid
(CSF) for absolute quantification. The basis set was simulated
in MATLAB using FID-A with real pulse shapes and real voxel
dimensions to simulate a basis set for shaped pulses [19]. The
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TABLE1 | Adetailed breakdown of data collection. The first section,
titled MRS data acquired, outlines the three different experiments
collected, the order of which was randomized for each volunteer.
The remaining two sections illustrate how, during postprocessing,
the acquisitions were modified to produce a set of data that kept the
scan time similar, and the number of acquisitions were kept the same,
with varying scan time. Scan times marked with an asterisk denote
hypothetical approximated scan time derived from calculation. When
the number of acquisitions were reduced from the MRS data acquired
section, the second half of acquisitions were removed to simulate
the equivalent scan with fewer acquisitions. Acquisition number
was constrained to a multiple of 32 due to the 32-step phase cycle of
semi-LASER.

MR spectroscopy acquisition specifications

Repetition = Number of
time (s) acquisitions Scan time

MRS data 2 128 4m 24s
acquired 5 64 5m 40s

8 64 9m 04s
Similar scan time (~5min)
MRS data 2 128 4m 24s
averaged 1n' 5 64 5m 40s
postprocessing

8 32 4m 48s*
Same number of acquisitions (64)
MRS data 2 64 2m 16s*
averaged 1n' 5 64 5m 40s
postprocessing

8 64 9m 04s

following metabolites were included in the basis set: alanine
(Ala), aspartic acid (Asp), beta-hydroxybutyrate (bHB), creatine
(Cr), gamma-aminobutyric acid (GABA), glucose (Glc), gluta-
mine (Gln), glutamate (Glu), glycine (Gly), glycerylphosphor-
ylcholine (GPC), glutathione (GSH), myo-inositol (mI), lactate
(Lac), N-acetyl aspartate (NAA), NAA glutamate (NAAG),
phosphorylcholine (PCh), phosphocreatine (PCr), phosphory-
lethanolamine (PE), scyllo-inositol (Scyllo), and taurine (Tau).
Synthetic macromolecular basis signals were included and were
generated using the built-in functionality of FSL-MRS, with
a relative amplitude of 0.5 and a Lorentzian width of 70Hz.
Macromolecular peaks were added at 0.9, 1.2, 1.4, 1.6, 2.1, 3.0,
and 3.9ppm. These locations were chosen based on the mac-
romolecular peaks identified in a previous analysis using LC
Model. After fitting the MRS data, metabolite estimates of GPC
and PCh were added together to create metabolite estimates for
total choline (tCho). Similarly, Cr and PCr estimates were com-
bined to produce total creatine (tCr).

The MRS data were processed and analyzed using FSL-MRS,
version 2.1.12 [20]. The FIDs were first zero-padded by 2048
points to a total of 4096 points. Data processing then involved:
(1) frequency alignment, (2) bad average removal, (3) frequency
alignment, (4) transient combination, (5) eddy-current cor-
rection, (6) water peak removal via Hankel Lanczos singular

value decomposition (HLSVD) [21], and (7) phase correction.
Frequency alignment was conducted between 4.5 and 4.8 ppm to
capture the residual water peak as this proved more robust than
using NAA. The frequency alignment of each data set was visu-
ally inspected for accuracy. Additionally, the constants.py file
in the FSL-MRS utilities package was accessed, and the relax-
ation parameters at 3T were modified. The “STANDARD_T1”
parameter for “METAB” was changed from 1.29 to 0.001, and
the “STANDARD_T2” parameter for “METAB” was changed
from 0.194 to 100. No “H20-" parameters were modified. This
was done to remove any T, and T, relaxation correction approx-
imations to metabolite signals imposed by the FSL-MRS fitting
software. Relaxation correction effects on water peak areas
remained.

The metabolite estimates and the SNR for five commonly re-
ported metabolites (NAA, tCho, tCr, mI, and Glu) were com-
pared across the different TRs for scenarios of similar scan time
with varying NSA and same NSA with varying scan time, ac-
cording to Table 1.

SNR: SNR was measured using the definition suggested by
Ernst et al. [22]. It is the ratio of the peak height of the fitted
metabolite basis spectrum and the standard deviation of a pure
noise region of the spectrum, after a matched filter has been ap-
plied to both. The amount of noise in the spectrum relies on the
number of points in the FID, so applying a matched filter helps
normalize the number of points included. The matched filter is
apodization with a width set to the peak width. This simultane-
ously ensures that SNR is maximized while also allowing SNR
to be reported for each metabolite with a different matched filter
applied to each metabolite [20]. The standard deviation of the
noise is estimated from the original spectrum in a region that
is less than —2ppm or greater than 10 ppm, where no signal is
expected. To facilitate comparison between TRs, the SNR val-
ues of NAA for each volunteer were normalized to a TR=8s. A
TR of 8s was chosen as all metabolite signals with T s less than
or equal to 1.5s are considered to be >99% recovered after 8s.
Normalization to TR =8s will result in any variability that may
exist at a TR=8s being translated into increased variability at
TRs of 2 and 5s.

Due to the phase cycle restrictions imposed by semi-LASER,
using a TR=>5s results in a scan time that is about 1.25 times
longer than when using both TR=2s and TR=38s in the “sim-
ilar scan time” situation. A more direct comparison of SNR
between scenarios was evaluated by calculating the SNR per
unit scan time for the “similar scan time” parameters accord-
ing to Table 1. The measured SNR obtained using FSL-MRS
was divided by the product of TR and NSA (i.e., the time in
which water-suppressed data were being collected). This is
reported as SNR per minute as scan times are typically com-
pared on the order of minutes. The expected SNR per minute
was calculated as follows, using TR=8s as the reference. As
SNR « 1/NSA, the first step was to take the measured SNR
(TR=8s, NSA=32) and multiply it by the square root of the
ratio of additional acquisitions (i.e., TR=2s:4/128 /32; TR=35s:
/64 /32). This product was then multiplied by the ratio of T,w
effects: M,(TR = 2s, 55) / M (TR = 8s), where M,(TR) is the mag-
netization recovery along the z-axis as a function of TR, given
by the saturation recovery equation
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TR @

M,(TR) = M, [1 - exp( - T)]

1

and M, is the initial magnetization. Finally, this was divided
by the data acquisition time in minutes, given as TR X NSA
(TR=2s: [25x 128 /60s TR=5s: [5sx 64/60s]). This whole
pipeline can be represented as

SNRtarget/minute = SNRTR:SS,NSA:SZ X

2
NSAtarget % Mz(TRtarget) % 60 s ( )
32 M,(TR=85) " TRy4ps XNSA

bl
target

where the subscript of “target” represents the corresponding
value for TR=2s, or TR=>5s.

2.3 | Metabolite Estimates

Metabolite estimates were calculated with FSL-MRS using
unsuppressed-water acquisitions for water scaling and were cor-
rected with the FSL FAST voxel segmentation values for GM, WM,
and CSF. To evaluate the effect of TR on metabolite estimates, for
each metabolite, the FSL-MRS-derived metabolite estimates at
TR=2s and TR=5s were normalized to the derived metabolite
estimate at TR=8s. The normalized metabolite estimate data
were then averaged across volunteers at each TR and graphed.

2.4 | Metabolite T,

Metabolite T, relaxation times were calculated by fitting
metabolite estimates to the saturation recovery equation

TR = 8s
TR = 5s
TR = 2s

40 35 30 25 20 15 10 05
Chemical Shift [PPM]

(Equation 1), using the maximum NSA for each TR (TR2x 128,
TR5x 64, and TR8x 64). For T, fitting only, the spectra for
each volunteer were refit with FSL-MRS. The only parameter
modification was to use the water reference data for the corre-
sponding TR =8s data of that volunteer for every TR. A single
T, value was obtained from this fit for a specific metabolite for
each volunteer. Then, T, values across all five volunteers were
combined to provide a mean and standard deviation for each
metabolite, yielding an average value with uncertainty. The
resultant T, values were compared to existing literature values
in similar brain regions.

3 | Results

An example of the voxel location, along with sample spectra are
shown in Figure 1.

31 | SNR

Figure 2 demonstrates the effect of TR on SNR for NAA, for
both scenarios of similar scan time with varying NSA and
constant NSA with varying scan time without metabolite T,
correction. Comparisons of SNR for other metabolites can be
found online at https://tr-in-mrs.streamlit.app/. For spectra
obtained with a similar scan time and varying NSA, compared
to a TR=38s, the average SNR was 29% higher for TR =2s and
34% higher for TR =5s with a 25% longer scan duration. For
spectra obtained with a constant NSA and varying scan time,
compared to a TR=8s, the SNR was 29% lower for TR=2s
and 2% lower for TR = 5s. Full-width half-maximum (FWHM)
values for NA A were relatively constant across TRs, with 4.43

Posterior Cingulate Cortex

FIGURE1 | A sample spectrum for each TR (TR=2s has 128 NSA, TR=5 and 8s have 64 NSA), obtained via semi-LASER MRS in the posterior
cingulate cortex of one healthy volunteer. Spectral analysis was done using FSL-MRS. Spectra were normalized to the metabolite estimate of N-acetyl

aspartate (NAA) to account for SNR differences due to different acquisition parameters.
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A) Similar scan time
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1.0
0.9 2 5 8
Repetition time, TR [s]
Aca. 4m 24s 5m 40s 4m 48s
Time
NSA 128 64 32
SNR Mean: 55.5 Mean: 57.5 Mean: 43.1
Range: 48.4-59.0 Range: 50.0-61.7 Range: 37.2-49.5
% CRLB Mean: 1.23% Mean: 1.83% Mean: 2.00%
Range: 0.97-2.01% Range: 1.38-2.36% Range: 1.56-2.34%

B) Same number of acquisitions (64)
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e
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0.7
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Repetition time, TR [s]
Aca. 2m 16s 5m 40s 9m 04s
Time
NSA 64 64 64
SNR Mean: 41.8 Mean: 57.5 Mean: 58.8
Range: 35.9-46.2 Range: 50.0-61.7 Range: 51.5-65.4
% CRLB Mean: 1.65% Mean: 1.83% Mean: 1.80%
° Range: 1.21-2.42% Range: 1.38-2.36% Range: 0.89-2.37%

FIGURE2 | The SNR of N-acetyl aspartate (NAA) is plotted for each volunteer against different repetition times. In panel (A), the SNR resulting
from acquisition times of approximately 5min is shown, while in panel (B), the SNR resulting from 64 transients is shown. For each volunteer, the
SNR value was normalized to the associated SNR value at a TR of 8s. SNR values for all volunteers at each TR were averaged together and are shown
in bold. The standard deviation of volunteer data at TR=2s and TR =5s is represented as error bars. Average and range of absolute SNR and % CRLB
are included for each situation below the plot.
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atTR=2s,4.34at TR =55, and 4.35 at TR =8s for both similar
scan time and same number of acquisitions. The full range
of FWHM across all volunteers and TRs is 4.02-4.97. More
information can be found online in the application. Figure 3
shows the SNR per minute for NAA at each TR, along with
the expected SNR per minute with and without T,w. The SNR
per minute averaged across five healthy volunteers was found
tobe 10.1+1.1 at TR=8s,10.8+0.8 at TR=5s, and 13.0+1.0
at TR=2s.

3.2 | Metabolite Estimates

Figure 4 shows the variation of metabolite estimates as a func-
tion of TR for the two scenarios of similar scan time with vary-
ing NSA, and constant NSA with varying scan time without
metabolite T, correction. Average metabolite estimates were
15%-30% lower for TR=2s compared to TR=8s, while they
were only 10%-15% lower at TR = 5s. This trend was observed in
both scenarios of similar scan time with varying NSA and same
NSA with varying scan time.

3.3 | Metabolite T,

Metabolite T, relaxation times output from the fit of
Equation (1) are reported in Table 2 and plotted in Figure 5.
T, values averaged across volunteers were NAA: 1.53+0.08s,
tCho: 1.16 +£0.17s, tCr: 1.36 £ 0.12s, mI: 1.24 +0.12s, and Glu:
1.38+0.12s.

4 | Discussion

T,w can significantly impact the accuracy of MRS in quantify-
ing brain metabolite levels. With the increasing trend of using

——————— @ Measured Data

m— Average

== = Expected without T;w
* Expected with T;=1.5s

+ Expected with T;=2.0s

N
o

[
=]

[
(=]

F

-
N

SNR per unit scan time [SNR/minute]

1

=]

(Reference)
2 5 8
Repetition time, TR [s]

FIGURE 3 | The SNR per unit scan time for NAA is calculated for
each volunteer at each TR, represented as dots, by determining the ratio
of SNR to scan time (TR*NSA) required for that TR. The SNR corre-
sponding to data for a similar scan time was used in this calculation:
TR=2s and 128 NSA; TR=5s and 64 NSA; and TR=8s and 32 NSA.
The average value of the volunteer data for each TR is represented as a

horizontal black line. Using the SNR per minute for TR=8s as a refer-
ence, the expected SNR per scan time for TRs of 2 and 5s can be calcu-
lated given Equation (2). These calculations are shown without T,w ef-
fects (T, <<TR) as a dashed red line, with T, =1.5s as a densely dotted
blue line, and with T, =2.0s as a sparsely dotted purple line.

shorter TRs to reduce scan duration and allow for more acqui-
sitions, our study aimed to find the optimal balance between
TR and scan time that minimizes T,w effects. We demonstrated
that using a TR =5s, with half the number of acquisitions com-
pared to TR =2s, results in spectra with higher SNR in a clini-
cally feasible scan time while being more robust to variations in
metabolite T, relaxation times.

41 | SNR

In this work, the SNR at each TR was normalized to a TR of
8s, as >99% of all metabolite signals are expected to be re-
laxed after this amount of time. This facilitated direct compar-
ison of the trends in SNR and SNR per minute at different TRs
to examine the effects of T;w more clearly. For a metabolite
with a T, of 1.5, increasing the TR from 2 to 55 is expected to
result in a 22.9% signal increase, while increasing the TR from
5 to 8s would only result in a 3% increase. The SNR measure-
ments for constant NSA (in Figure 2B) followed these expected
trends: A 27% increase in SNR was observed by increasing the
TR from 2 to 5s, and a 2% increase was observed from 5 to
8s. However, conducting these T, w calculations under similar
acquisition times for a TR of 2 s, the SNR appeared lower than
what would be expected for a metabolite with a T, of 1.5s. This
nuance was more clearly illustrated when analyzing SNR per
unit scan time.

Our results comparing SNR per unit scan time of NAA in spec-
tra acquired with a TR of 2 or 5s demonstrate that the SNR per
minute is only about 17% lower at 5s than the more common
choice of 2s (SNR/min was 10.8 and 13.0, respectively). The
expected SNR per minute with and without T,w effects shown
in Figure 3 demonstrates that the common assumption of a
large gain of SNR per minute at TR=2s is not realized due to
the strong influence of T, relaxation. The observed small gain
in SNR per minute at TR=2s relative to TR=>5s comes with
a steep price of increased T,w effects, which lead to potential
confounders with age, brain region, and disease, as well as a re-
duced ability to compare across sites. The SNR per minute was
lowest at TR=8s (SNR/min was 10.1) because at such a long
TR, the increase in scan time is larger than any increase in SNR,
reducing the SNR per minute.

Despite a relatively large signal from NAA, our SNR per minute
data suggest that the T, relaxation time is not accurately known.
Experiments done in this work and in literature report a T, for
NAA of 1.39 to 1.53s; however, the SNR per minute trend with
increasing TR is not well fit with a T, correction factor of 1.5s.
Using a T, value of 2.0s fits the measured SNR per minute data
very well. This discrepancy suggests that measuring metabolite
T, relaxation times continues to be a challenge. Furthermore, at
TR =5s, the difference between “no T,w” and using a T, correc-
tion value of 2s is only 8% and is smaller than the spread of the
individual data points.

4.2 | Metabolite Estimates

Metabolite estimates for each metabolite are significantly re-
duced with TR=2s, compared to 5 and 8s. Lower metabolite
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FIGURE 4 | The average reported metabolite estimates as a function of TR for five different metabolites (NAA: N-acetyl aspartate, tCho: total
Choline, tCr: total Creatine, mI: myo-inositol, and Glu: glutamate). No metabolite T, correction is applied. Similar to how the data is represented in
Figure 2, for each metabolite, the FSL-MRS derived metabolite estimates at TR=2s and TR =5s were normalized to the metabolite estimates found
at a TR =8s for each volunteer and plotted in the left column. The normalized volunteer data was then averaged together at each TR and plotted. In

the right column, reported metabolite estimates are plotted. The data corresponding to a similar scan time with a varying number of acquisitions are

shown in panel (A), while the data organized to have 64 acquisitions with different scan times are shown in panel (B).

estimates at TR=2s were particularly notable for metabolites
with longer T s like NAA and tCr. Our results demonstrate that
the effect of TR on metabolite estimates was the same, regard-
less of scan time or number of acquisitions.

It has been accepted in literature that this T,w-induced reduc-
tion in metabolite estimates can be corrected for [1, 23]; how-
ever, the most common solution is a single, generic, correction
factor that is applied to all metabolites [20, 24-26]. Since each
metabolite has a different relaxation time that can change with
field strength, brain region, age, pathology, etc., using a single
correction factor will result in a spectrum that may or may not
yield accurate metabolite estimates for some or all metabolites.
Additionally, trying to correct the water reference signal for
short repetition times adds more variation to the fit as the T, of
water, especially in cerebrospinal fluid, is not well characterized
[14]. Therefore, any observed difference in metabolite estimate
is no longer clearly attributable to changes in tissue biochemis-
try, as these changes could be a result of improper T,w correc-
tion of that metabolite due to any number of factors that affect T;
relaxation times. Instead, by increasing the TR, the ambiguity of
T, w correction is removed, as well as the need for correcting me-
tabolite estimates in postprocessing. Thus, the reported metab-
olite estimate without T,w correction more accurately reflects
the true metabolite estimate for metabolites present in the re-
gion of interest. By increasing the accuracy of measured metab-
olite estimates, a TR of 5s at 3T would also improve interstudy

agreement and cross-site standardization to increase the impact
of MRS studies on our understanding of brain biochemistry.

4.3 | Metabolite T,

By using metabolite estimates at different TRs, we achieved
a reasonable fit to determine the T, relaxation times for five
metabolites, despite this experiment not being specifically de-
signed to measure T, relaxation times. The T, relaxation times
we determined agree with existing literature values, as shown in
Table 2. It is noted that tCr has a short and long T,-component;
however, because this data only has three data points, we were
not able to capture these differences. Despite this, the tCr recov-
ery curves fitted relatively well, and the T, value agrees with the
long-component T, value from the Mlyndrik study [10] who was
able to separate the two components. Our findings demonstrate
that it is not necessary to have data points in the short TR re-
gime to obtain a reasonable fit and T, result, and that a shorter
scan time with fewer time points can be used to determine me-
tabolite T,s. Despite only including three points in the recovery
curve and a longer minimum TR time, the uncertainty obtained
here was on the order of 10%-15%, which is in line with or less
than previously reported results. This highlights the difficulty
in accurately measuring T, values in MRS and reinforces the
need to move away from correcting for T, values. The studies
being compared do not mention frequency alignment in their
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TABLE 2 | Reported values of T;s in current study and existing literature in grey matter for both progressive saturation (PS) and inversion recovery (IR) methods. The number of points refers to the
number of data points used in the fit; TT is inversion time and is specific to the inversion recovery method. Scan time was calculated as the sum of TR multiplied by the number of acquisitions at each TR,

unless otherwise stated in their methods. For the work by Traber et al., they pooled eight regions together for their calculation, so the scan time they reported was multiplied by 8 (NAA: N-acetyl aspartate,

tCho: total Choline, tCr: total Creatine, mI: myo-inositol, and Glu: glutamate).

Literature T, relaxation times

Method,

Scan time (min) NAAT, (s) tCho T, () tCr T, (s) mI T, (s) GluT, (s)

TR (s)

TI (s)

# points

Region

Author

18.13 1.53+0.08 1.16+£0.17 1.36+0.12 1.24+£0.12 1.38+0.12

2,5,8

PS,3

Posterior
cingulate cortex

Current study

1.03£0.13 1.39+0.14 1.12+0.22 1.28+0.10

1.49+0.14

45

1.5-8

PS, 5

Posterior
cingulate cortex

Knight-Scott et al. [8]

5

24 1.47+£0.08 1.25+0.22 1.33+0.13 1.12+0.2

1-10

PS, 6

Occipital GM

Ethofer et al. [9]

1.30+0.06 1.46+0.07 1.19+£0.09 1.27+0.10

32 1.47+0.06

6

0.15-1.65

IR, 5

Occipital GM

Mlynarik et al. [10]

1.15+0.04 1.47£0.07 1.36+0.25

1.39+0.03

45.07

0.6-5

PS, 6

Pooled, various

Triber et al. [11]

analyses. As a result, we expect that our approach of exporting
every transient to perform frequency alignment during data
processing likely improved spectral quality, leading to a more
accurate representation of metabolite estimates and thus a more
reproducible fit of the T, recovery curves. Frequency alignment
reduces line broadening due to averaging of misaligned spectra
from the effects of participant motion and By, drift, which are
potentially more prevalent in long TR measurements. However,
the uncertainty in the reported T, values is still too large to
comfortably make definitive claims about T, relaxation times
of metabolites. This further reinforces the idea that accurately
determining the T, relaxation times to properly correct for T,w
effects is very challenging.

Analysis of the measured SNR, given Equation (1), in addition to
the findings of SNR per unit time in Figure 3, suggests that the
NAA SNR data is better modelled with a T, closer to 2s. This dis-
agrees with the result of the T, analysis in Table 2 and Figure 5,
which reports a T, time of NAA closer to 1.5s. However, this
SNR method is not the optimal way to measure T,. Instead, the
discrepancy suggests the need for a more robust measurement
of metabolite Ts.

5 | Limitations

Several potential methodological factors should be considered
when interpreting these findings. Only three different TRs were
examined, so including additional TRs could provide more de-
tailed insight into the relationship between TR and metabolite
estimates, as well as to characterize the trends in SNR per min-
ute. More TRs would also improve the saturation recovery curve
fits for determining metabolite T, relaxation times.

Time limitations during data acquisition did not allow us to
check for subject motion between the start and end of each MRS
acquisition, so it is possible that bulk motion limited the achiev-
able SNR for the 9-min TR=8s, NSA=64 acquisition. While
we did not use any on-scanner frequency correction, exporting
every acquisition allowed for frequency alignment in postpro-
cessing, minimizing the effects of motion.

Additionally, comparing identical scan times across TRs would
be preferred, such as 120 NSA for TR=2s, 48 NSA for TR=>5s,
and 30 NSA for TR =8s, yielding a scan time of ~ 4 min. However,
the 32-step phase cycle of the semi-LASER sequence limited our
ability to do this. Future studies could investigate the effects of
a truncated semi-LASER phase cycle and re-evaluate these re-
sults with an identical scan time.

The PCC was chosen to ensure sufficient SNR for all TR and
NSA combinations. Future research should investigate the gen-
eralizability of these findings across other brain regions. As well,
only five metabolites were evaluated in this work, so recommen-
dations cannot be applied to other metabolites and in other brain
regions, unless their T, values are known with certainty. Our
volunteers were of a similar age group and all were healthy, so
conclusions can only be made for this specific cohort. Future
work should investigate other age groups. Additionally, a larger
number of study participants would help reduce uncertainty in
averages and fits. Finally, only one previous publication used the
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FIGURE 5 | A comparison of T, relaxation times between existing literature values and what was found in this work for five metabolites (NAA:
N-acetyl aspartate, tCho: total Choline, tCr: total Creatine, mI: myo-inositol, and Glu: glutamate). These results reflect the values that are reported
in Table 2. In this work, metabolite estimates for each metabolite were fit to Equation (1), for each volunteer. The resulting relaxation parameter for

each volunteer was averaged together and reported with the standard deviation as the error bars.

same brain region as our study, which means comparisons of T,
values between our study and other literature could be affected
by differences in brain regions and T, determination strategies.

6 | Conclusion

Results from this study demonstrate that using a TR=>5s for
semi-LASER MRS falls in the Goldilocks zone to balance scan
time against T, recovery: 5s allows for sufficient signal recov-
ery to be robust to T,w effects, and it performed well in terms
of SNR, SNR per minute, and metabolite estimates, while still
having a clinically feasible scan time of 5m 40s. Using TR=2s
resulted in metabolite estimates and SNR per minute with the
largest T, w effects. TR =8s had the least amount of T, w effects,
but experienced diminishing gains leading to reduced SNR per
minute. Acquiring semi-LASER MRS with a TR=5s is recom-
mended when measuring NAA, tCr, tCho, mI, and Glu due to
better SNR per minute and reduced T,w effects, removing the
need for ambiguous, and potentially inaccurate, T, correction
strategies.
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