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Spatial averaging of multiple voxels from high-resolution chemical shift imaging (hrCSI) is a common strategy
for in vivo metabolic studies to achieve a better signal-to-noise ratio (SNR) for a region-of-interest. However, the
mechanism about how the spatial averaging approach influences the respective spectral signal and noise and its
relevance to the k-space sampling schemes remains unclear. Using three-dimension 70 CSI technique with the
weighted k-space sampling method of Fourier series window, we performed quantitative SNR comparisons
between a single low-resolution CSI (IrCSI) voxel (being 27 times larger than the hrCSI voxel size) and the
spatially averaged hrCSI voxels with matched sampling volume and location. We demonstrated that the aver-
aged hrCSI voxel spectrum had a large SNR loss (> 4 times) compared to the IrCSI voxel, which was resulted
from unmatched increases in signal (~1.9 fold) and noise (~9.3 fold). The signal increase was caused by the
spatial overlapping between the adjacent hrCSI voxels. The substantial noise increase was mainly attributed to
the strong noise coherence among hrCSI voxels acquired with the weighted k-space sampling. This study pre-
sents a quantitative relation between the k-space sampling schemes to an apparent SNR penalty of the spatial
averaging approach. The information could be useful for designing CSI acquisition method and determination of
optimal spatial resolution for in vivo metabolic imaging studies.

1. Introduction

In vivo chemical shift imaging (CSI) or MRS imaging (MRSI) pro-
vides a unique imaging tool for mapping cerebral metabolites and
metabolic rates, and studying neurochemistry and neuroenergetics
[1-7]. In particular, with increasing recognition of complex neurolo-
gical disorders/disease, CSI has been clinically useful for the improved
diagnosis in the infected tissue and longitudinal monitoring of the
disease progress [8], and for advancing the understanding of patho-
physiological mechanisms underlying diseases [9-12].

Due to low concentration of detectable brain metabolites in a range
of few mM, signal-to-noise ratio (SNR) of CSI is a key consideration for
in vivo metabolite quantification that is essential for reliable neuro-
chemical profiling in the human brain [13-16]. A low-resolution CSI
(IrCSI) provides a relatively high SNR, but the coarse voxel size leads to
an increased partial volume effect (PVE). In contrast, a high-resolution
CSI (hrCSI) approach is more prevalent in the basic and clinical re-
search because of its better specificity for the identification of altered
metabolism in the impaired tissue due to less PVE [17-21]. However,
the lower SNR and a long scan time are a major drawback for quanti-
tative assessment of metabolite concentrations and clinical

applications, in particular, for low gyromagnetic ratio (y) X-nuclear CSI
(e.g, 13¢, 2H, 170, and 3'P). To overcome this limitation faced by most
CSI applications, spatial averaging of multiple voxels from a hrCSI
dataset is a common strategy to achieve an adequate SNR in a desired
region of interest (ROI).

Given the relation between spatial resolution and SNR [22-24], it is
assumed that SNR is linearly proportional to a voxel size [25]. How-
ever, this linear assumption becomes invalid in the presence of a strong
static magnetic field (By) inhomogeneity or radiofrequency magnetic
field (B;) inhomogeneity in space or the point spread function (PSF) of a
CSI voxel. For instance, compared to a IrCSI voxel, a hrCSI voxel had a
smaller SNR penalty than the theoretical estimation owing to the im-
proved By inhomogeneity [26], resulting in an increase in the apparent
relaxation time (T,*) [13].

Despite previous studies in the literature for addressing the relation
between SNR and spatial resolution, the mechanism about how the
spatial averaging of hrCSI voxels quantitatively influences the re-
spective spectral signal and noise, thus, SNR remains unclear. In par-
ticular, the specific relevance of the k-space sampling scheme to SNR
was not rigorously studied before.

In this work, we aimed to: i) perform quantitative signal, noise and
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SNR comparisons between the spatially averaged hrCSI voxel and the
1rCSI voxel with matched sampling volume and location; ii) study how
the spatial averaging contributes to the signal change by calculating the
voxel-overlapping ratio of the hrCSI voxels (i.e., PSF); iii) study how the
k-space sampling schemes contribute to the noise level of the summed
hrCSI voxel by examining the inter-voxel noise coherence; and iv) de-
velop a noise model to estimate the contribution of the measured noise
correlation to the real summed noise level of the hrCSI voxels. To avoid
the aforementioned confounding effect of B, inhomogeneity on the CSI
SNR, we employed the low-y X-nuclear 'O CSI in which resonance
linewidth is insensitive to B, inhomogeneity owing to the strong
quadrupole moment relaxation, resulting in short T»* and longitudinal
relaxation time (T).

2. Methods

All magnetic resonance imaging experiments were carried out on a
Siemens whole-body/90-cm bore 7T human scanner (MAGNETOM,
Erlangen, Germany). A multinuclear surface-coil probe consisting of a
quadrature 'H coil (297.2 MHz) for anatomic imaging and shimming,
and a single-loop and passively decoupled 7O coil (40.1 MHz, 5cm
diameter) for collecting '”O CSI data from the human occipital lobe or a
water phantom was used in this study.

All in vivo experiments were performed under the FDA specific ab-
sorption rate (SAR) limitation. Three healthy volunteers (mean age
(SD) = 25.0 (4.6) years) participated in this study that was approved by
the Institutional Review Board committee of the University of
Minnesota. The written consent form was obtained from all subjects.

Anatomical T;-weighted images were acquired using a magnetiza-
tion prepared rapid gradient echo sequence (acquisition parameters:
repetition time (TR) = 2400 ms, echo time (TE) = 2.4ms, inversion
recovery (TI) = 1500 ms, RF pulse flip angle (FA) = 7°, and 1 mm iso-
tropic resolution) for guiding the selection of CSI slices and voxels.

2.1. 3D FSW CSI

The three-dimensional (3D) 7O CSI method was used for this
comparison study. To explore the relation between k-space sampling
scheme and SNR of the averaged hrCSI voxels, we employed the Fourier
Series Window (FSW) method, one of the common CSI techniques, al-
lowing for precise spatial localization and fast acquisition. The FSW CSI
technique has been described in detail in the literature [27-29]. Briefly,
as shown in Fig. 1A, CSI data were acquired with the predetermined
weighed k-space sampling pattern. Subsequently, the FSW window
function with the desired Fourier coefficients was applied to the signals
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to achieve an optimal filter for a desired voxel shape for CSI applica-
tion. For convenience, the spatial coordinate of voxel described by the
window function (W) in one spatial domain O0(r) is defined with a phase
angle (6(r)) between 0 and 2m, then

N-1
W(B(r) — 6) = ), wlexpfind(r)}
n=0

where w,, is the Fourier window coefficient, N is the number of phase
encoding, and W(6 — 6,) is the window function. The voxel spectrum
can be described by

N-1

SL(O(r) — 6) = Y su(t)wlexplind(r)}

n=0

where s,(t) is the NMR signal in the time domain acquired in the n®
phase-encoding step.

Based on the 3D FSW CSI method as employed in this work,
weighted partial k-space data (57%) were acquired on the coronal plane
and a cylindrical voxel shape was designed (Fig. 1B).

2.2. 3D CSI experiment

In vivo 3D 70 FSW-CSI data were obtained from the human occi-
pital lobe under full relaxation condition: TR = 100 ms (*’0 water T,
relaxation time ~ 5-7 ms [30]), 3D phase encoding step =9 X 9 X 7,
nominal FA = 90°, number of signal average =5 (total k-space
data = 1610), number of FID complex points = 300, length of RF hard
pulse = 500 ps, spectral bandwidth = 30kHz, and total acquisition
time = 2 min 41 s. Spectral receiver bandwidth of 30 kHz was applied
to collect 170 signals from the short 70 T, and T,* of water (few ms) for
acquiring adequate FID complex data points [30]. For the SNR com-
parison, two different fields of view (FOVs) of 80 x 80 x 60 mm® and
240 x 240 x 180 mm>® were employed for collecting the hrCSI and
1IrCSI data; that is, reducing the spatial resolution by a factor of 3 in a 3D
hrCSI imaging in each dimension provides a volume decrease by a
factor of 27, such that the 27 hrCSI voxels were summed to match the
size of the IrCSI voxel (see Fig. 2).

For the phantom study, 3D 70 FSW-CSI data were acquired using a
spherical bottle of water solution (0.037% H,'”0 natural abundance) at
pH of 7.0 Two FOVs of 110 x 110 x90mm® and
330 x 330 x 270 mm® were employed for collecting the hrCSI and
IrCSI data, respectively. The 7O CSI data were acquired under full
relaxation condition with the following parameters: TR = 500 ms, 3D
phase encoding step = 9 X 9 X 7, nominal FA = 90°, number of signal
average = 3 (total k-space data = 966), number of FID complex
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Fig. 1. The k-space sampling acquisition pattern and PSF of the FSW. (A) 2D projection of the k-space sampling pattern of the 3D FSW CSI method, showing a
relatively high number of acquisition around the center of k-space. (B) The voxel geometry of 27 cylindrical voxels across three CSI slices. (C) PSF of the 3D FSW
projected in the 2D image space. Abbreviation; FSW, Fourier series window; PSF, point-spread function.

86



B.-Y. Lee, et al.

Signal (A.U)

., x 80,

2 2
.. X80 k

300 200 100 0 -100  -200

Chemical Shift (PPM)

-300 200 100 0 -100  -200

Chemical Shift (PPM)

300 -300

Magnetic Resonance Imaging 60 (2019) 85-92

T vttt
. x18

300

—

200 100 0 -100 200 -300

Chemical Shift (PPM)

300

-300

200 100 0 -100 -200
Chemical Shift (PPM)

Fig. 2. Representative 3D 170 CSI slices of the natural abundant water signal in phantom and the human brain in the coronal orientation: (A-C) and (G-I) correspond
to the three slices of high-resolution CSI (hrCSI) for the phantom and in vivo human brain, respectively; (D) and (J) represent a low-resolution CSI (IrCSI) slice of the
phantom and in vivo, respectively. (E) and (F) represent the summed spectrum of 27 hrCSI voxels and a single voxel of 1IrCSI for the phantom, (K) and (L) correspond
to a spectrum of the summed IrCSI voxels and a single 1rCSI voxel for in vivo brain, respectively. The highlighted yellow boxes show the selection of 27 voxels in the
hrCSI and the single voxel of the 1rCSI with the same effective voxel size and location. The noise level of the phantom and in vivo brain were magnified by a factor of
80 (E and F) and 18 (K and L), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

points = 512, length of RF hard pulse = 500 ps, and total acquisition
time = 8 min and 3s.

2.3. SNR analysis

For the SNR comparison, all 7O CSI FIDs were processed with zero-
filling of 2048 data points. In order to match volume and location of the
central 1rCSI voxel, 27 hrCSI FIDs were selected from three middle slices
of the hrCSI dataset (9 FIDs per slice) and were summed in the time
domain prior to Fourier transform (see Fig. 2).

All SNR analyses were performed in the frequency domain. Signal
was defined as the maximum amplitude of H,'”O spectral peak after
phase correction. Noise was calculated using the standard deviation
(SD) of the 70 spectra taken from a signal-free spectral baseline. Mean
SD was computed by averaging SD from the left (0.1-0.3) and right side
(0.7-0.9) of full spectral width range (0-1) to account for possible
different noise levels between the two sides. All noise levels from the
single (0) and the summed voxel were compared. In addition, the
summed noise level was compared to the theoretically estimated value
(0N, N is the total number of voxels to be summed).
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2.4. Modeling for noise correlation

To establish quantitative analysis between noise coherence and its
contribution to real noise level of the averaged hrCSI voxel, we first
computed noise correlation coefficient (NCC) from each of pair in the
hrCSI voxels and the corresponding summed noise (i.e. SD). Using the
NCC and SD values, the quantitative relation between these two para-
meters was derived using the linear regression:

SD = a x NCC + @

where a is a slope (i.e. regression coefficient) and § is a y-intercept,
which are determined by a regression fitting.

Using the established noise model in Eq. (1), the summed noise of
the spatial averaging in CSI voxels (SD) can be estimated as the fol-
lowing equations.

SD = (& x NCC + B) X +/N X &y, N> 2
SD = (e X NCC + B) X 6x, N =2

SD~g, N=1 (2

where NCC is the mean noise correlation coefficient, Gy is a mean SD of
the single voxels (= ((Zil SDi)/ N), N is the total number of voxels to be
summed. The N number of highest NCC values was only included to
calculate NCC (= (ZiN:I NCC;)/Ny) due to the weighted contribution to



B.-Y. Lee, et al.

the summed noise level.

For the validation of the noise model, the random noise, which is
close to the pure random noise, was also generated using Matlab pro-
gram (The Mathworks, Inc.) and the corresponding noise values () at
NCC = 0 was compared to the theoretical estimation (~/2).

2.5. By analysis

To examine the differences in the B, field inhomogeneity of 70
H,'70 signal between the two CSI resolutions (i.e., linewidth variation),
a spectral linewidth was measured with spectral phase correction using
the full-width at half-maximum (FWHM) of the resonance peak without
using linewidth broadening.

2.6. B; analysis

On the basis of the intrinsic B, field gradients in conjunction with
the 170 surface coil, we accounted for the effects of the spatial varia-
tions of the B, field across the sample on the SNR by estimating re-
ference voltage of each CSI voxel for reaching a 90-degree FA (Vgo-).
The B, analyses for RF transmit field (B; ©) and receive field (B; ) were
performed using a series of CSI data acquired with different RF trans-
mitter voltages using the following equations: [31,32].

S o« p+Bj +sin(FA) 3

(€]

where S is the measured 170 signal of water resonance, p is the water
density, 7 is the RF pulse width, V is the RF transmitter pulse voltage.
The B, ~ value in a relative scale was determined by the maximum 70
signal reaching a 90-degree FA (Sg) and B; ™ was determined by the
corresponding reference voltage of Voo that is inversely proportional to
B, *. All B, analyses were performed using a custom-built program in
Matlab (The Mathworks, Inc.).

FA = ye1eBf eV

2.7. Point spread function

Based on the real voxel geometry (i.e., cross-section size and length)
determined by the FSW method, the contribution of point spread
function (PSF) to the signal of the summed hrCSI voxels was estimated
by computing the spatial overlapping ratio between hrCSI voxels
(Fig. 1).

3. Results
3.1. SNR analysis

All results of SNR comparison for the phantom and in vivo human
brains are summarized in Table 1. Overall, there was an apparent and
large SNR loss in the summed hrCSI voxels in the phantom (a factor of
4.7) and in vivo human brain (a factor of 5.3) as compared to the central
1rCSI voxel with matched sampling volume and location. Notably, such
SNR reduction from the averaged hrCSI voxels was mainly attributed to
a substantial increase in the noise level (9.2 and 9.5 folds for the
phantom and in vivo brain studies, respectively).

3.2. Signal analysis

Fig. 2 shows typical 3D CSI profiles of the natural abundant H,'70
signal acquired with the FSW method and the identification of the ROI
(highlighted yellow box) used for SNR comparison. Both hrCSI and
IrCSI data were acquired with the same RF pulse voltages (i.e. 50 V and
55V for the phantom (Fig. 2A-D) and in vivo study (Fig. 2G-J), re-
spectively), showing an adequate SNR of the hrCSI voxels for the SNR
comparison.

As shown in Fig. 2E and K, the summed signals of the 27 hrCSI
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voxels were significantly increased by a factor of 2.06 = 0.10 and
1.77 * 0.03 for the phantom and in vivo studies, respectively, as
compared to those of the single IrCSI voxel with matched sampling
volume and location (Fig. 2F and L).

3.3. Noise analysis

Fig. 2E-F and K-L represent the typical noise of the phantom and in
vivo brain obtained from the signal-free spectral baseline. The single-
voxel noise was not different between the hrCSI voxels and the 1rCSI
voxel for both phantom and in vivo brain (< 1%). However, the noises
of the summed hrCSI voxels shown in Fig. 2E and K were substantially
increased by a factor of 9.19 *= 0.48 and 9.50 =+ 0.20 for the phantom
and in vivo human brain, respectively, compared to those of the 1rCSI
voxel (Fig. 2F and L).

3.4. Noise correlation analysis

Fig. 3A-D show the inter-voxel NCC maps between the 27 hrCSI
voxels for the simulated random noise, phantom noise acquired with
the regular full k-space acquisition, phantom noise acquired with FSW
k-space acquisition, in vivo brain noise acquired with the FSW k-space
acquisition, respectively. Using linear regression, the noise models (SD)
are described as a function of NCC;

For the phantom noise acquired with the regular full k-space ac-
quisition (Fig. 3F),

SD = (0.695 x NCC + 1.429) x /N X 6y, N > 2 (5)

For the phantom noise acquired with the FSW k-space acquisition
(Fig. 3G),

SD = (0.573 x NCC + 1.480) X +/N X &y, N > 2 (6)

For the noise of in vivo brain acquired with the FSW k-space ac-
quisition (Fig. 3H),

SD = (0.539 x NCC + 1.406) X /N X &y, N > 2 @

These models showed a statistically significant correlation (Pearson
correlation, rho > 0.5, two-tailed p < 0.0001), confirming the linear
relation between SD and NCC. For the further validation of the pro-
posed noise modeling described in Eq. (2), we compared the summed
theoretical noise values for the pure random noise with no noise co-
herence (NCC = 0). Based on the summed noise from pure random
noise (+2 = 1.41, N = 2, NCC = 0), the proposed noise models (Eqs.
(5)-(7)) provided the similar noise values (§ in Eq. (2), at NCC = 0),
confirming the reliable linear noise models: the simulated random noise
(1.415, Fig. 3E), phantom with acquired with regular full k-space ac-
quisition (1.429, Fig. 3F) and FSW k-space sampling (1.480, Fig. 3G),
and in vivo noise model (1.406, Fig. 3H).

As expected, noise coherence was not observed in the random noise
(Fig. 3A). Notably, the apparent strong noise correlation was clearly
shown in the weighted k-space sampling schemes as compared to the
regular full k-space acquisition. The summed noise of the phantom
acquired with a regular full k-space acquisition had a low mean NCC
value (NCC = 0.15 * 0.01, calculated from the noise correlation map
shown in Fig. 3B), resulting in a noise ratio by a factor of 7.97 (Fig. 3F).
In contrast, the summed noise from the FSW-CSI method had a sig-
nificantly high mean NCC value for the phantom (NCC = 0.54 * 0.04,
calculated from the noise correlation map shown in Fig. 3C) and in vivo
brain (NCC = 0.60 + 0.02, calculated from the noise correlation map
shown in Fig. 3D), resulting in an increased noise ratio by a factor of
9.30 = 0.13 (Table 1A) and 8.97 =+ 0.05 (Table 1B), which were close
to the real measured noise ratio (9.19 and 9.50 for phantom and in vivo
brain, respectively).
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Table 1
The SNR comparison between the summed high-resolution (£hrCSI) voxels and the low-resolution (IrCSI) for the phantom (A) and in vivo human brain (B). All values
indicate hrCSI, 1rCSI, and the ratios of the summed hrCSI values to the 1rCSI values in accordance with each RF transmitter voltage. NCC represents mean of 27
highest correlation coefficients among the hrCSI voxels. * is the ratio of the summed noise estimated from the noise correlation coefficients to the IrCSI using Egs. (6)
and (7).

A
RF pulse voltage By, FWHM (Hz) B, * Signal Noise SNR “Noise
>hrCSI 1rCSI Ratio >hrCSI 1rCSI Ratio >hrCSI 1rCSI Ratio >hrCSI 1rCSI Ratio Ratio NCC Ratio
50 87.2 92.2 0.95 1.12 1.02 1.10 1.18E+08 5.54E+07  2.13 3.82E4+05 3.82E4+04 10.0 0.21 0.59  9.44
67 88.5 91.6 0.97 1.30 1.16 1.11 1.02E+08  4.87E+07  2.09 3.62E+05 4.03E+04  8.99 0.23 0.53  9.26
83 84.2 87.1 0.97 1.90 1.58 1.20 6.96E+07 3.57E+07  1.95 3.63E+05 3.97E+04 9.14 0.21 0.51 9.20
Mean 86.6 90.3 0.96 1.44 1.26 1.14 9.65E+07 4.66E+07  2.06 3.76E+05 3.92E4+04  9.19 0.21 0.54  9.30
SD 2.2 2.8 0.01 0.41 0.29 0.06 2.47E4+07 1.00E+07  0.10 2.02E+04 265E+02  0.48 0.01 0.04 0.13
B
RF pulse voltage  Bo, FWHM (Hz) B, " Signal Noise SNR “Noise
>hrCSI  IrCSI Ratio »hrCSI IrCSI  Ratio »hrCSI 1rCSI Ratio >hrCSI 1rCSI Ratio Ratio CC Ratio
55 122.3 129.1  0.95 1.16 1.15 1.01 3.75E4+07 2.10E+07 1.79 6.93E+05 7.36E+04  9.42 0.19 0.61  9.00
73 124.3 126.1 0.98 1.13 1.07 1.06 4.20E+07 2.36E+07 1.78 6.83E+05 7.30E+04 9.35 0.19 0.58 8.92
92 125.9 1249 1.01 1.12 1.12 1.00 4.32E+07 2.41E+07 1.79 6.72E+05  6.92E+04  9.72 0.18 0.60 899
Mean 124.2 126.7 0.98 1.28 1.24 1.02 3.72E4+07  2.09E+07 1.77 6.83E+05 7.19E+04  9.50 0.19 0.60 8.97
SD 1.8 2.2 0.03 0.29 0.25 0.03 7.74E+06 4.08E +06 0.03 1.05E+ 04 2.40E+03 0.20 0.003 0.02 0.05
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Fig. 3. Analysis of inter-voxel noise coherence of hrCSI voxels and a linear regression model. (A and E), (B and F), (C and G), and (D and H) represent the noise
correlation matrix and corresponding linear regression for the simulated random noise, phantom noise with the full k-space acquisition, phantom noise with FSW,
and in vivo brain noise with FSW, respectively. The colour bar represents the noise correlation coefficient. The linear regression model was displayed with a 95%
confidence level (dotted green line) with a significant P-value < 0.05 using Pearson correlation analysis. Abbreviation; NCC, noise correlation coefficient; SD,
standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. By analysis reaching a 90° flip angle (Vo,°) between the hrCSI voxels. There was no

significant difference of contributions of B; inhomogeneity to the signal

As expected from the insensitivity of 7O CSI signal amplitude to B from two CSI resolutions, though, showing a slightly increased B; in the

inhomogeneity, the spectral linewidth between the two 7O CSI re- averaged hrCSI voxels (14% and 2% for the phantom and in vivo) re-
solutions was not significantly different (4% and 2% variation for the lative to the 1rCSI voxel (Table 1).

phantom and in vivo study, Table 1), ensuring the minimized con-

founding effects of By inhomogeneity on the SNR results. 3.7. Point spread function

3.6. B; analysis Based on the FSW k-space sampling pattern (Fig. 1A), voxel shape
(Fig. 1B), and PSF (Fig. 1C), the spatial overlapping among the 27 hrCSI

Fig. 4 displays a typical pattern of B; distribution for the single-loop voxels was approximately 1.8 times as compared to a nominal voxel
170 surface coil, showing a large variation of the RF reference voltages size, which was close to the ratio of signal increase of the summed 27
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Fig. 4. Representative transmitter B, * field maps for the phantom and the human brain in the coronal orientation. (A-C) and (G-I) correspond to the B, * maps for the
27 voxels of the hrCSI for the phantom and in vivo human brain, respectively. (D) and (J) correspond to the B, * values for the single voxel of the IrCSI for the
phantom and in vivo human brain, respectively. (E and F) and (K and L) show B; ™ analysis and regression for the voxels highlighted with a red box in (phantom, B
and D) and (in vivo, H and J). Colour bars represent the reference voltages for achieving 90-degree flip angle (Voo) for each CSI voxel. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

hrCSI voxels.
4. Discussion

In this study, we performed quantitative SNR analyses and com-
parisons for the spatial averaging of hrCSI voxels to examine the

90

mechanism about how the voxel averaging approach contributes to the
signal and noise level regarding the k-space sampling schemes. Major
findings of the study are as follows: i) the spatial averaging of hrCSI
voxels increased both signal and noise levels as compared to the 1rCSI
voxel with the same volume and location; ii) the signal increase was
relevant to the point-spread function (or voxel-overlapping); iii), the
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substantial noise increase of the summed voxels was mainly attributed
to the inter-voxel noise coherence influenced by the PSF linked to the k-
space sampling scheme, which was quantitatively estimated using the
noise correlation models.

Theoretically, SNR of the averaged (or summed) voxels could be
according to the +/N relation under the following key assumptions: the
absence of By and B; inhomogeneity, and random noise distribution in
space, i.e., independent voxel noise with a perfect PSF [25]. Although,
spatial averaging of hrCSI voxels in this work reached the SNR loss (4.8
for phantom and 5.3 for in vivo study) close to the expected ratio ofyN
(=5.2), however, the noise level of the summed voxel was significantly
higher (9.19 and 9.50 for the phantom and in vivo human brain) than
the theoretical estimation, indicating the assumption of random noise
was not valid for the FSW CSI data due to a relatively large PSF.

From the PSF analysis in conjunction with a weighted k-space
sampling scheme, we observed that the PSF contributed to the degree of
signal and noise changes in the spatially averaged CSI data in a different
manner. PSF affected the signal increase by a factor of the overlapping
ratio measured between CSI voxels (or partial volume effect). On the
other hand, PSF significantly increased the noise of the summed voxels
by inducing phase coherence of noise spectra between the adjacent
hrCSI voxels. Based on the estimation of the summed noise level with
the proposed noise correlation models, SNR of the spatial averaging
(SNRy) of multiple hrCSI voxels could be described using the following
equations:

N
S=|Xsi
i=1

N
o« | Y. pyesin(FA;) [+PSF

i=1
SD = a x NCC + $++/N 3y

where S; is the summed signal, S; is the signal of each voxel, p; is the
water spin density of each voxel, FA; is a flip angle of each voxel, N is a
total number of the voxels, SD(NCC) is a model for noise correlation,
and Gy is mean of the single-voxel noise level.

As one of the k-space sampling method with a window function, the
FSW method used in the current study offers benefits for the accurate
localization and the flexibility for determining voxel shape adjusted for
the targeted regions. In fact, a number of the other fast CSI techniques
have been proposed to overcome a major shortcoming of a long scan
time [33]. Although these techniques also suffer from some of the
limitations, based on the strong relationship between the degree of
noise correlation and CSI sampling patterns in the present study, further
investigation of this relationship with other fast CSI imaging techniques
will provide useful information on the design of the CSI acquisition
schemes in terms of SNR optimization.

As aforementioned, adequate spatial resolution is critical for in vivo
metabolic imaging to achieve detection sensitivity as well as specificity
[13-16]. Thereby, compared to the hrCSI approach, the apparent SNR
loss observed from the hrCSI spatial averaging approach may have a
negative impact on the reliable assessment of metabolite concentration.
In particular, based on the presence of macromolecule in the human
brain, the elevated noise level from summed hrCSI spectra could add
more challenges for the precise baseline estimation, in particular for in
vivo 'H MRS [34,35], requiring reliable fitting algorithms to avoid the
overestimation of the metabolite concentrations. Thus, CSI approach
with a proper spatial resolution optimized for covering the ROI (e.g.,
brain tumor or stroke lesion) could be a better strategy for improving
measurement sensitivity and reliability. Furthermore, in the case for the
ROI containing a mixture of different tissue types, proper resolution of
CSI voxels needs to be determined to avoid the PVE artifacts [13,36].

5. Conclusion

This study demonstrates the apparent SNR penalty of spatial aver-
aging approach and the mechanism by which the k-space sampling
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schemes influences CSI SNR of the voxel averaging. Although this study
focused on the FSW-based k-space scheme for the demonstration, the
same analysis approach can be readily employed to other CSI or MRI k-
space schemes. Therefore, the finding could be useful for the generic
design of CSI acquisition method and determination of optimal spatial
resolution for in vivo metabolic studies, in particular for human dis-
eases.
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