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ABSTRACT As one of the most important cortical structures in the brain, the visual cortex plays a primary
role in processing visual data. Observing the metabolic changes in this region using single-voxel MR
spectroscopy (MRS) can provide a plethora of information on the disease stage and progress in vivo. For
single-voxel MRS experiments, a target voxel is always chosen and specifically investigated. The volume
of the voxel must be sufficiently small to avoid any interference from adjacent areas but large enough to
maximise its signal-to-noise ratio (SNR). Of the factors used to improve SNR, e.g. enlarging voxel size or
increasing the number of signal averaging, the optimisation of the RF coil can contribute significantly to the
SNR improvement. In this work, we compared and optimised RF coils which include a circularly-polarised
(CP) high-pass birdcage coil and two CP surface coils with different dimensions. The coils were particularly
designed for the entire rat head, brain and the target region (visual cortex), respectively. The performance
of these coils was evaluated based on the project-specific purpose of investigating metabolite concentration
changes in the visual cortex of the in vivo rat brain, assessed by means of single-voxel MRS at 9.4 T. In the
SNR comparison, the values obtained using the optimised small loop coil were found to be approximately
5 and 1.35 times higher than those using the birdcage volume head coil and the medium-sized loop coil,
respectively. In other words, using the optimised coil rather than, for example, the birdcage coil allows the
acquisition to be completed more quickly by a factor of 25 times. In conclusion, by using the optimised setup,
we can i) benefit either from reduced measurement time or in the acquisition of high-quality MR images or
ii) obtain spectra with a minimum quantification error.

INDEX TERMS MRI, MRS, spectroscopy, coil, optimization, preclinical, small animal, single-voxel.

I. INTRODUCTION
Small animal models have become important tools for
broadening our understanding of various complex disease
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processes [1], [2], [3] and for translational research [4],
[5]. The visual cortex is one of the most important cortical
structures in the brain and is primarily associated with the
processing of visual information. Studies have revealed that
eye disorders associated with retinal degeneration, includ-
ing glaucoma [6], retinitis pigmentosa [7] and age-related
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macular degeneration [8], and systemic diseases, such as dia-
betes [9] and systemic lupus erythematosus [10] can trigger
interactive structural and functional reorganisations of the
visual cortex. The current therapeutic approaches for retinal
degenerative diseases are limited and mainly aim to restore
or substitute the retinal input. The latter, however, relies on
the plasticity of the visual cortex, whereby visual cortical
circuits are re-adapted after long-term deafferentation (fol-
lowing, in some cases, decades of blindness) [11]. Evaluation
of the consequences of vision loss on the visual cortex may
help us to understand the mechanisms involved in cortical
rewiring and may help to support further ways to improve
signal transduction along the visual pathway. In this respect,
non-invasive imaging techniques, such as magnetic reso-
nance imaging (MRI) or magnetic resonance spectroscopy
(MRS), are valuable tools for studying the development of
the structural and functional consequences of retinal visual
field defects in the visual cortex over time.

Single-voxel proton (1H) MRS is a well-established,
non-invasive technique used to sensitively quantify the con-
centrations of diverse metabolites in the brain in vivo [12],
[13]. For example, as primary regulators in the brain, glu-
tamate (Glu) and γ -aminobutyric acid (GABA) play piv-
otal roles as neurotransmitters and are closely connected
to physiological processes and neurological conditions [14].
Analysing changes in the concentration of these metabolites
using MRS allows access to information that is complemen-
tary to anatomical MRI.

For MRS experiments, a target voxel or voxel-of-interest
(VOI) is selected and precisely placed on a high-resolution
anatomical MR image, typically obtained using longitudinal
relaxation time weighted (T1w) or transverse relaxation time
weighted (T2w) imaging. The volume of the VOI is usually
chosen to be sufficiently small so as to avoid any signal con-
tamination by the partial volume effect from adjacent regions
but large enough in order to maximise its signal-to-noise
ratio (SNR) [15]. Therefore, although voxel size selection is
a trade-off requiring thoughtful adjustment, in most cases,
a detectable signal level from a single acquisition is too low
for reliable quantification. In order to compensate for this,
the measurement tends to be repeated multiple times, thus
leading to a prolonged total acquisition time.

Another crucial consideration in any MRS experiment is
associated with the radiofrequency (RF) coil – an essential
unit in the MRI machine that plays a crucial role in the trans-
mission of RF power to the object and in receiving signals
from it. At a given magnetic field strength, the quality of
the MR image or spectrum and detection coverage are deter-
mined, to a great extent, by the choice of the RF coil. Thus,
depending on the purpose of use, its dimensions and geometry
should be optimised carefully. Most commercially available
MR RF coils provided by the scanner or coil manufacturers
tend to be universal rather than project-specific, which means
that they are usually designed to cover an entire volume, such
as either the whole head or whole body, with reasonable SNR

and image quality. While this approach is generally useful for
acquiring anatomical scout MR images with a large field-of-
view, covering the entire area of an object is not necessary
for most studies, which instead require a much higher image
or spectrum quality of one target region. This prerequisite can
be even more pronounced when performing, e.g. single-voxel
MRS experiments. Generally, single-voxel MRS experiments
just concentrate on acquiring data from a particularly small
voxel, which is placed at a predetermined location of interest
and it is not necessary to cover a large area (e.g. the whole
brain).

In a given measurement time, the desired resolution is
restricted by the SNR, which, in turn, is significantly deter-
mined by the choice of the RF coil. Thus, project-oriented
optimisation of RF coils should offer the benefit of sizeable
improvements in SNR. Fundamentally, the size of coil is
inversely proportional to the SNR while being proportional
to its coverage and penetration depth [16]. Consequently, the
coil does not have to be gigantic, and a small coil should
operate in an optimal manner whichmaximises the sensitivity
for single-voxel MRS.

In this work, we designed and constructed three
frequently-used RF coil configurations, namely a quadrature
birdcage head coil, a circularly polarised (CP) medium-
sized loop coil and a small CP loop coil. The performance
of these coils was evaluated and compared based on the
project-specific aim of characterising the metabolic profile
of the visual cortex in the rat brain, assessed by means of
single-voxel MRS.

II. METHODS
A. RF COILS
Since the (visual) cortex is closely located to the surface of
the brain, it is possible to access the region using a highly sen-
sitive surface coil. Three different CP coils were constructed
and compared on the bench and on the scanner: one high-pass
birdcage coil (with 42 mm inner diameter, 28 mm length,
5 mm width, 8 rungs) and two surface coils with different
dimensions (medium loop: 9 mm × 15 mm and small loop:
9 mm × 6 mm). These were particularly optimised for the
entire rat head, brain and the target region (visual cortex),
respectively. The two medium-size and small-size surface
coils were configured using a combination of two identical
loops, which were carefully overlapped in order to isolate the
B1 fields from each loop in a geometrical decoupling man-
ner [17]. Figure 1 shows pictures and circuit diagrams along
with the dimensions and component values of the RF coils
designed and used in this work. The scattering parameters
of the coils were measured using a vector network analyser
(ZNB4, Rohde & Schwarz, Germany) and were better than
-15 dB when applied to the in vivo animal.

B. ANIMAL PREPARATION
One healthy female wild-type rat (strain RCS-rdy+p+/
LavRrrc), six months old and weighing 220 g, was used for
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FIGURE 1. Schematic diagrams and pictures of the RF coils used in this study a) CP birdcage volume head coil, b) CP medium-sized brain loop coil and
c) CP optimised small loop coil - including the dimensions and the values (unit: pF) of the capacitors. trim. refers to trimmer or variable capacitor and P1
and P2 refer to the port 1 and port 2 of each coil.

the in vivo MR measurement. The rat was bred in the animal
facility at Forschungszentrum Jülich and was reared in a
controlled environment with a 24 h light/dark cycle (12/12 h),
54% humidity, and a temperature of 22◦C. Food and water
were available ad libitum.

The animal study was approved by the Animal Protection
Committee of the local government (LANUV, North-Rhine-
Westphalia, Germany; AZ 81-02.04.2021.A111) andwas per-
formed in accordance with the German Law on the protection
of animals, according to the German Animal Welfare Act
and the European Community Council directives regarding
the protection of animals used for experimental and scientific
purposes (2010/63/EU). The rat was anaesthetised with 1.5 to
2.5% isoflurane inhalation via a nose cone and placed into
the animal scanner. All animal measurements were conducted
under continuous isoflurane anaesthesia. The temperature
and respiratory rate of the rat were continuously maintained
at around 37◦C and between 50 to 65 breaths per minute,
respectively.

C. MR EXPERIMENTS
All MRmeasurements were carried out on a home-integrated
small animal dedicated 9.4 T MRI scanner operating on
Siemens clinical software [18], [19]. T2w images were

acquired using the turbo spin-echo (TSE) sequence [20] and
were used to precisely position the VOI in the visual cortex.
The sequence was repeated three times with high in-plane
resolution in the axial, coronal and sagittal slice orientations.
The parameters for the TSE sequence were: repetition-time
(TR) = 3030 ms; echo-time (TE) = 39 ms; in-plane resolu-
tion = 0.1 × 0.1 mm2; slice thickness = 0.5 mm; number
of averages = 2 and scan time = 2:27 minutes for each slice
orientation.

Prior to theMRS acquisition, first- and second-order shim-
ming at the VOI was performed using FASTESTMAP [21].
We repeatedly applied this until the full width at half maxi-
mum (FWHM) of the water spectrum was reached to approx-
imately 30 Hz. Water suppression was achieved with the
variable power and optimised relaxation delays (VAPOR)
method [22], with the timings optimised for the voxel placed
on the visual cortex. Using a variable flip angle method,
the transmit power was calibrated within the VOI for each
coil. All MR spectra were measured using the LASER
sequence [23], [24], [25], with excitation performed using
a nonselective numerically optimised adiabatic half-passage
pulse and localisation performed with three pairs of adi-
abatic full passage pulses in each dimension (HS8, R15).
Other important MRS parameters were: TR = 2500 ms;
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FIGURE 2. T2w TSE MR images in three axes (axial, coronal and sagittal) obtained using the birdcage coil
(top), medium-sized loop coil (middle) and optimised small loop coil (bottom). Their corresponding B1 bias
field maps are also shown in the bottom left corner in axial images. The images clearly display the coverage
of each coil. The regions used to calculate SNRs are shown in red.

TE= 39ms; number of averages= 512; voxel-size= 4× 1×

4 mm3; receive-bandwidth, 4000 Hz; vector-size = 2048 and
scan time = 22:20 minutes. One extra spectrum (eight repeti-
tions) was obtained without the water suppression RF pulses
for its use in eddy-current correction and quantification of the
water suppressed spectrum.

D. MR DATA PROCESSING
The SNRvalues of the imageswere calculated using the equa-
tion of the signal intensity mean value (within the VOI – red
area in Figure 2) divided by the standard deviation of the
noise (left bottom corner). Furthermore, based on the T2w
images, the corresponding sequence-specific B1 bias field
maps of each coil in Figure 2 (bottom left corner) were
estimated using the tool ‘fast’ available in the FSL software
package [26].

All spectra were pre-processed using MATLAB with
the aid of the FID-A package [27]. The pre-processing
steps included i) automatic detection and removal of

motion-corrupted scans and ii) phase and frequency drift
correction of individual transients [28]. Note that due to the
intrinsically low SNR of each individual transient, spectra
were first averaged in groups of 16 before pre-processing
steps i) and ii) were performed. Quantification of the
pre-processed data was performed using LCModel soft-
ware [29] with the water scaling and eddy current correction
options enabled. Fitting was performed in the chemical shift
range of 0.2 ppm to 4.2 ppm. The metabolite basis sets
were generated by means of the FID-A package using the
density matrix formalism [30] with ideal RF pulses and
actual sequence timings [31], [32]. The basis set included
spectra of 19 metabolites, namely alanine (Ala), ascor-
bate (Asc), aspartate (Asp), creatine (Cr), GABA, glucose
(Glc), glutamine (Gln), Glu, glutathione (GSH), glycerophos-
phorylcholine (GPC), myo-inositol (Ins), lactate (Lac),
N-Acetylaspartic acid (NAA), N-acetylaspartylglutamate
(NAAG), phosphocreatine (PCr), phosphorylcholine (PCh),
phosphorylethanolamine (PE), scyllo-inositol (Scyllo),
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FIGURE 3. a) SNR and b) histograms of sequence-specific B1 bias fields
of the birdcage, medium-sized loop and small-sized optimised loop coils.

taurine (Tau). The SNR values for each spectrumwere further
obtained from the LCModel output in order to evaluate the
quality of the MR spectra, in which the SNR is defined as
the ratio of the maximum in the spectrum minus the baseline
to twice the root-mean-square of the residuals. We also
measured the relative SNR in the T2w images in order to
support the findings in the MRS analysis. Finally, the quality
of the spectra was also assessed via the FWHM parameter
reported by the LCModel software.

III. RESULTS
Figure 2 displays the axial, coronal and sagittal slices of the
T2w TSE images obtained using the birdcage head volume
coil, the medium-sized brain loop coil and the optimised
visual cortex loop coil. Their corresponding sequence-
specific B1 bias field maps can also be found at the bottom
left corner in axial images. As expected, the difference in
the B1 uniformity and SNR of the individual coils is clearly
noticeable.

Figure 3 shows the histogram plots of the SNR (a) and B1
(b) of the proposed coils as estimated based on the bias field
of the corresponding T2w anatomical images. Here, the SNR
value in each voxel of the optimised small-sized coil varies
more significantly than the other two coils depending on the

FIGURE 4. MR Spectra (solid black lines, bottom panels) obtained with
the use of (a) birdcage coil, (b) medium-sized loop coil and
(c) small-sized optimised loop coil with the LCModel fit (solid red lines)
and the resulting residuals (top panels).

position of the voxel. The bottom of the MRS VOI (i.e. far
away from the coil) in the small-sized loop coil shows lower
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TABLE 1. Metabolite concentrations (Conc., a.u.) and Cramér-Rao lower-bound (SD, %), LCModel correlation coefficients (Corr.), FWHM and SNR values
acquired using each RF coil.

SNR within the coil, although the SNR value is still higher
than or as high as that from the birdcage or medium-sized
coils. The same behaviour is observed in the B1 histogram
plots.

Figure 4 shows the MRS spectra (solid black lines)
acquired using different coils: a) birdcage, b) medium-sized
loop and c) small-sized loop. In addition, the LCModel fits
(solid red lines) and the resulting residuals (top panels) are
also shown.

The SNR improvement of the medium loop coil, when
compared to the birdcage coil shown in Figure 2, clearly
leads a substantial reduction in the fitting residuals and, there-
fore, an increase in the LCModel SNR values. This finding is
also shown in Figures 3a and 4b and Table 1. For the case
of the optimised small loop coil, the SNR increase shown in
Figure 2 is subtler, although this increase is also observable in
a further reduction of the residuals, shown in Figure 4c. The

SNR increase from the birdcage coil to the medium loop coil
also resulted in a reduction of the FWHM of the spectra, from
17.6 Hz to 6.8 Hz. This improvement, although smaller (from
6.8 to 6 Hz), was also found when comparing the FWHM of
the medium loop with that of the small loop coil.

Table 1 shows the metabolite concentrations obtained with
the LCModel. Since neither PCh nor Ala was detected by
any of the coils, these metabolites were excluded from further
consideration. Other metabolites (e.g. Glc and NAAG for the
birdcage coil) were detected but showed exceedingly large
Cramér-Rao lower-bound (SD) values (> 100%). However,
these were included in Table 1 for the sake of assessing the
improvement as a result of the increased SNR. Nevertheless,
assuming a threshold for SD equal to 30% for a reliable
quantification (typical value in literature [33]), the following
metabolites were not reliably detected: Ala, Asp, GABA,Glc,
Lac and NAAG (for birdcage); Ala and Lac (for medium and
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small loop). Moreover, given the strong negative correlation
between Cr and PCr (Table 1, middle row segment), we only
report the total concentration (i.e. tCr), as typically used in
the literature [34].

Table 1 also shows that the SD values of the metabolites
Asp, GABA, Glc, Gln, Glu, GPC, Ins, NAA, NAAG, Tau,
tCh, tNAA, tCr and Glx improved by a factor ∼4 for the
medium loop coil compared to the birdcage coil. Only the
SD for Ala, Asc, GSH, Lac and PE remained approximately
the same or slightly increased for the medium loop compared
to the birdcage. Metabolites with improved SD (factor ∼4)
for the small loop compared to the medium loop coil were:
Asc, Gln, GSH, Ins, tNAA and tCr. For the rest of the
metabolites, SD either stayed at a nearly identical level or
slightly increased. Table 1 also shows that the correlation
of Cr and PCr did not improve with increasing SNR, as pre-
viously observed [35]. Conversely, the correlation coefficient
for the metabolite pairs Gln-Glu and NAA-NAAG did show
improvements with increasing SNR.

Furthermore, based on the assumption that two metabolite
concentrations are significantly different if they differ by
more than the sum of their corresponding SDs, then Glu, Gln,
Lac, Tau and tNAA were not significantly different between
the birdcage coil and the medium loop coil. This was also
the case for Asp, GABA, Glc, Glu, Lac, NAA, NAAG and
tNAA between the medium loop and the small loop. The
latter suggests that the metabolic profile tends to be more
reproducible between the medium loop and small loop coil
compared to the birdcage coil.

IV. DISCUSSION
Since preclinical single-voxel 1H-MRS records the metabo-
lite signals from a small and restricted VOI to prevent signal
contamination from other regions, an intrinsically low SNR
is inevitable due to the reduction of proportionally detectable
MR signal levels. Consequently, one of the principal chal-
lenges is to acquire MR spectra with sufficient SNR, which
substantially determines the practical constraint to the size
of the VOI and the acquisition time. In order to increase the
sensitivity, it is possible to average the data a large number of
times within the given measurement time. However, in some
cases, even a large number of averages does not suffice to
achieve high enough SNR values within the given acquisition
time. For preclinical studies, large groups of animals are
often scanned, which can, in turn, lead to an unacceptably
long project duration. In some cases, it is mandatory that
the animals are monitored more than once in a longitudinal
manner and are weak due to the implemented disease models.
Thus, it is crucial to design experimental setups thatmaximise
the SNR values within the shortest possible acquisition time,
for which several means can be proposed.

The most intuitive solution to improve SNR - but coming
at a high expense - is to simply increase the main static
magnetic field strength (B0) of the MR scanner to ultra-
or even extremely-high field strengths, as the SNR increase
is nearly supralinear to that of the magnetic field [36].

Therefore, most small animal experiments tend to be per-
formed at ultra-high field (> 7 T). Tailoring MR pulse
sequences for a target metabolite should also help to sup-
port the SNR improvement and investigation of the specific
metabolite, for example, using the MEGA-PRESS sequence
for GABAmeasurements [37]. As demonstrated in this study,
customising the RF coil according to its size and target region
of interest can also be another significant means of gaining
SNR. The size of the coil is inversely proportional to the sen-
sitivity but proportional to the penetration depth, i.e. smaller
coils provide higher SNR with less coverage. In our com-
parison, the SNR measured using the optimised small loop
coil appeared to be approximately 5 and 1.35 times higher
than that measured using the birdcage volume head coil
and the medium CP loop coil, respectively. In other words,
the acquisition can be completed 25 and 1.8 times quicker,
or alternatively, much higher resolution can be achieved
within the same measurement time. Importantly, all the coils
fully covered the desired voxel in the visual cortex.

This optimised setup with improved SNR could be applied
to investigations of the visual cortex or other cortical regions
(motor or auditory cortex) using single-voxel MRS, in similar
MRS and MRI studies in humans [38], [39], [40], [41] or in
microscopic MR imaging [42], [43]. Depending on the depth
of the target voxel, slight adjustments of the coil dimensions
might result in even better SNR values.

Although SNR could be further improved by building
smaller RF coils than the ones shown in this work, smaller
coils would reduce the coverage and RF homogeneity, espe-
cially for bigger rats. In addition, it would be difficult to
handle the construction of small loops with relatively larger
coil components, such as capacitors and trimmers. We also
found that due to its reduced coverage, the reproducibility in
the coil positioning was more difficult for the smaller coil.
Despite being practically difficult due to the requirement of
more components in such a limited space, this work could
also certainly be extended to combine multi-channel receive
(Rx) only phased array coils together with a smaller transmit
(Tx) only coil. This combination was not included this time
due to the reasons outlined relating to the space and due to
the fact that our current Tx coil is not able to provide suf-
ficient power to the excitation pulse and water suppression.
Nevertheless, in principle, usingmulti-channel Rx arraysmay
also be advantageous in MRS since a more homogeneous Tx
field and highly sensitive Rx signal might be achieved [44].
If practically feasible, using implanted micro-coils [45], [46],
[47] and cryocooled coils [48], [49], [50], [51], [52] would
also be beneficial to enhance SNR in very small and specific
areas.

In general, a coil benchmarking may have to be carried
out when a coil is newly developed [53], [54], [55] or when
the performance of a double-tuned or MR-PET hybrid coil
is compared against its counterpart single-tuned or single-
modality coil [56], [57]. In this study, we built three coils
with different coil types and geometries, and each coil was
built to focus on the coverage of a different target. Comparing
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these coils provides information and allows them to be bench-
marked against each other.

Concomitant with the increase in SNR values for the case
of smaller optimised loop coils is the reduction in B1 homo-
geneity as shown in Figure 3b. This feature can drastically
affect the image bias, as observed in this work for the case
of T2w anatomical images and maps in Figure 2 and the
plots in Figure 3a. Hence, if image homogeneity is the main
concern in a given experiment, then larger loops or volume
coils would be preferential to smaller optimised loops. In the
context of MRS, however, this limitation can be easily mit-
igated by using B1 insensitive MRS pulse sequences, such
as the LASER sequence, together with the VAPOR water
saturation scheme used in this work [24], [25]. Indeed, the
LASER sequence utilised in our work is composed of dif-
ferent modules which are designed to be highly insensitive
to B1 inhomogeneity. Firstly, the VAPOR module is used to
decrease the sensitivity to the applied RF power and has been
demonstrated to suppress the water signal even in the case
of highly inhomogeneous B1 fields, such as for a surface
coil [58]. In particular, Tkáč et al. reported a residual water
signal of less than 5% for a range of flip angles between
40◦ and 160◦ [58]. Secondly, excitation and volume selection
in LASER are performed using fully adiabatic RF pulses,
namely a non-selective adiabatic half-passage pulse for exci-
tation and three pairs of adiabatic full passage pulses in each
dimension for volume selection. In the current implementa-
tion, hyperbolic secant pulses were used [23], [24]. The use of
such adiabatic RF pulses has been shown to provide spectra
highly insensitive to the B1 inhomogeneity [22], [23].
In terms of B0 shimming, although all of the coils were

built using non-magnetic components, the position of these
components differs from each coil, which may vary the
required shim values. However, the effect on shimming is
determined by the inserted sample (i.e. the rat) and the dif-
ferent arrangements did not cause any problem. We also per-
formed the B0 shimming using the FASTESTMAP method
using the same procedure for all the measurements, namely
via monitoring the FWHM while we calibrated the values
prior to the MRS acquisition.

In this study, multiplemeasurements with different animals
were not conducted, and statistical analysis could not be per-
formed since the effect from the single animal was significant
and agreed well with the previous well-known work [16].

V. CONCLUSION
We have demonstrated a project-oriented RF coil design opti-
misation that is effective and relatively simple to build. As this
study focussed on the visual cortex, new optimisation would
be required if the studies, for example, focus on the investiga-
tion of other or deeper brain regions. In conclusion, although
the default coil setting provided by manufacturers is advanta-
geous when whole brain or whole head coverage is required,
it could be limiting in certain studies, one example of which
has been shown here. By using an optimised setup, we can

either significantly reduce the entire measurement time or
acquire MR images or spectra with much improved SNR or
higher resolution. This also gives more precise measurements
with a minimum error and time to include additional, poten-
tially interesting, sequences for multi-parametric studies or
multiple voxel comparisons. Moreover, the shortened scan
time both supports animal welfare and enables more animals
to be scanned within the given measurement time.
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