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Abstract

Non-invasive perfusion imaging by Arterial spin labeling (ASL) can be advantageous at

Ultra-high field (UHF) MRI, since the image SNR and the T1 relaxation time both increase

with the static field. However, ASL implementation, especially at 7T, is not trivial. Especially

for ASL, UHF MRI comes with many challenges, mainly due to B1
+ inhomogeneities. This

study aimed to investigate the effects of different transmit coil configurations on perfusion-

weighted imaging at 7T using a flow-sensitive alternating inversion recovery (FAIR) tech-

nique with time-resolved frequency offset corrected inversion (TR-FOCI) pulses for labeling

and background suppression. We conducted a performance comparison between a parallel

transmit (pTx) system equipped with 32 receive (Rx) and 8 transmit (Tx) channels and a

standard setup with 32Rx and 2Tx channels. Our findings demonstrate that the pTx system,

characterized by a more homogeneous B1 transmit field, resulted in a significantly higher

contrast-to-noise ratio, temporal signal-to-noise ratio, and lower coefficient of variance

(CoV) than the standard 2Tx setup. Additionally, both setups demonstrated comparable

capabilities for functional mapping of the hand region in the motor cortex, achieving reliable

results within a short acquisition time of approximately 5 minutes.

Introduction

Arterial spin labeling (ASL) is a versatile magnetic resonance imaging (MRI) technique for

measuring cerebral perfusion as well as 4D angiographic information. ASL utilizes the water in

arterial blood as a diffusive endogenous contrast agent, offering a completely non-invasive

measurement of cerebral blood flow (CBF). ASL can also provide valuable insights into brain

function as a more physiological alternative to blood oxygenation level-dependent (BOLD)
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fMRI [1, 2]. Additionally, it presents itself as a quantitative method for measuring CBF, which

is superior in temporal and spatial resolutions when compared to other methods, such as sin-

gle photon emission computed tomography (SPECT) and positron emission tomography

(PET) [3]. It has been extensively validated against methods that use exogenous contrast

agents, such as 15O-PET [4, 5]. It is worth pointing out that the present study is primarily

focused on spatial selective techniques (and then especially pulsed ASL). The advantages and

disadvantages of pTx might be different for velocity-selective labeling techniques, for specific

information about velocity-selective labeling (VSASL) techniques, the reader is referred to [6].

The fundamental concept of signal generation in spatially selective ASL is the manipulation

of the longitudinal magnetization of water present in arterial blood to differentiate it from the

magnetization of static tissue. As intravascular spins reach the capillaries and undergo

exchange with brain tissue across the blood-brain barrier, the tissue magnetization is altered,

allowing the acquisition of images whose contrast is proportional to cerebral perfusion after

subtraction of the labeled image from a control acquisition [1].

While ASL can act as a surrogate for CBF mapping and has potential as an alternative fMRI

contrast, it is important to acknowledge the challenges and limitations that ASL encounters.

ASL suffers from an intrinsically low signal-to-noise ratio (SNR) due to the T1 relaxation, lim-

ited temporal resolution because both tag and control images need to be acquired (two times

~3s), and limited spatial resolution and/or coverage [7]. The SNR is inherently low because the

signal from the labeled spins reaching the brain tissue is only a small fraction (0.5% to 1.5%) of

the static tissue signal [1, 3]. One typical solution to improve the SNR of ASL is the use of back-

ground suppression pulses to reduce the static tissue signal, thereby improving sensitivity and

reproducibility [8]. Another common strategy is to acquire multiple repetitions (or multiple

segments of a 3D readout) to ensure sufficient SNR [2, 9].

Scanning at a higher field strength might hold the key to improving the intrinsic low SNR

of ASL as recent research has revealed that a higher static magnetic field (B0) leads to a supra-

linear improvement in SNR of a traditional MRI scan [10], which would also enhance the sen-

sitivity and precision of ASL measurements. In addition to the image SNR that increases with

the static field, Ultra-high field (UHF, 7T) ASL will profit from longer T1 relaxation time

allowing for longer inversion times (TI, for Pulsed ASL) or longer post-labeling delays (PLD,

for pseudo-continuous ASL), which amplifies the perfusion-related signal and would also

allow proper CBF-measurements in subjects with slow blood flow (long arterial transit times).

Moreover, it would also allow longer readout acquisitions, increased brain coverage, as well as

higher spatial resolution perfusion images [7, 11–14].

However, UHF ASL implementations are not trivial and also come with severe challenges

such as B0 and B1 inhomogeneities that must be carefully addressed [15]. For example, several

adiabatic inversion pulses have been specifically proposed for Pulsed ASL (PASL) to mitigate

the B1
+ inhomogeneity [16, 17]. In addition, the labeling efficiency can also be compromised

by limited coil coverage; a typical solution for PASL sequences to cope with both challenges is

the use of dielectric pads to improve the inversion efficiency and to obtain more homogeneous

excitation as a secondary advantage [11, 18]. For pseudo-continuous ASL (pCASL), the label-

ing plane can be raised from the neck to the bottom of or even within the cerebrum to take

advantage of the locally higher B1
+ [19, 20].

Another possible solution for a more homogeneous transmit field is parallel transmission

(pTx) technology; pTx capabilities rely on using the additional degree of freedom of the multi-

ple channels to better control the B1
+ field; for more details, please check [21]. Previous studies

have optimized and evaluated strategies such as B1-shimming or tailored RF pulses in ASL

[22–24]. These investigations primarily aimed to enhance the labeling efficiency of pseudo-
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continuous ASL (pCASL) using pTx techniques. However, it is worth noting that, for func-

tional experiments, less SAR-intensive PASL sequences are often preferred at UHF.

In the present study, we extended the use of the pTx coil (32Rx8Tx) in a near-quadrature

mode to a Pulsed ASL (flow-sensitive alternating inversion recovery, FAIR) sequence in com-

bination with a time-resampling frequency-offset-corrected-inversion (TR-FOCI) pulse and

compared the results to data obtained with the 32Rx2Tx coil on the standard 2-channel system

using the same sequence and RF pulses. We assessed the performance of both coils through

two experiments. The first experiment consisted of a variation of the inversion slab thickness

to test the behavior of the label created by both transmit coils. Next, we used finger-tapping sti-

muli to investigate if the coils would yield similar fMRI results.

Material and methods

Participants

Seven healthy volunteers (four females, aged 25–44 years) were recruited to participate in this

study. The participants enrolled between 04-11-2022 and 20-01-2023, and each participant

underwent two MRI sessions on the same day, utilizing the pTx setup (32Rx8Tx) and the stan-

dard 2-channel transmit coil. The local ethics committee approved the study protocol

(Amsterdam University Medical Center—location AMC), and all volunteers provided written

consent after receiving comprehensive information about the experimental procedures.

Data acquisition

Data were acquired on a 7T MRI scanner (Philips Healthcare, Best, The Netherlands) at the

Spinoza Centre for Neuroimaging (Amsterdam UMC, Amsterdam, The Netherlands),

equipped with a gradient set with a maximum gradient strength of 40 mT/m and 200 mT/m/s

of slew rate. We utilized two commercially available head coils in our study (Nova Medical

Inc, Wilmington, USA). The first coil, known as 32Rx2Tx or 2Tx, is equipped with 32 receive

phased array elements and two transmit channels. This coil features a circularly polarized

transmit coil design with a helmet-shaped insert containing 32 receive elements. The second

coil, referred to as pTx, incorporates eight transmit elements arranged cylindrically around the

head, the 32-receive insert is organized as for 2Tx receive. The pTx coil employs a close-to-cir-

cularly polarized mode achieved through B1-shimming across the entire brain using data from

a separate group of volunteers [20]. No personalized RF-shim or other pTx pulses were used

here to limit the comparison to the hardware used.

A FAIR Arterial Spin Labeling sequence was implemented using TR-FOCI RF-pulses [25]

with 13ms of pulse duration, nominal flip angle of 2576 degrees, and B1 = 15μT. We did not

optimize the adiabatic inversion pulse, and all RF attributes, including nominal flip angle and

B1
+ amplitude, for each setup separately, i.e., they were kept consistent across both coils. Pre-

and post-saturation modules were included before and after labeling to saturate the imaging

volume. We employed two non-selective TR-FOCI RF-pulse for background suppression at

1200 and 1830 ms. The readout consisted of a multi-slice, single-shot 2D EPI with

FOV = 210 × 210 mm2, matrix = 72 × 72, with a nominal resolution of 3 × 3 mm2, thirteen

ascending 3-mm slices (no gap with an inter-slice duration of 65 ms), TI/TE/TR = 2000/8.9/

5500 ms, and SENSE factor = 3. Additionally, we acquired MPRAGE data with the same spatial

resolution (0.8mm) and sequence parameters as in [26] during the 2Tx session.

We used two different experiments to investigate the performance of the coils. In the first

experiment, the ASL FAIR sequence was acquired with a varied slab inversion thickness to

study whether the effective labeling slab width is larger with the pTx setup. We used 6cm, 9cm,

and 12cm larger than the volume of interest for both coil setups to vary the size of the tag
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(smaller for larger slab inversion thickness), please see Fig 1A for more details. For this experi-

ment, we acquired 12 pairs of volumes of ASL data for each slab inversion thickness.

For the second experiment, we acquired ASL-fMRI data. For this part of the study, we

obtained data only from a subset of participants (P04-P07) using the protocol with the inver-

sion slab 6cm larger than the volume of interest (Fig 1). A 33 volume-pair time course was

acquired during a finger-tapping functional task on the 2-channel and 8-channel transmit sys-

tems. The right-hand finger-tapping fMRI experiment consisted of a block design alternating

33s on/off blocks for 6 minutes.

Fig 1. Experimental design illustrating the Pulsed Arterial Spin Labeling (PASL) FAIR sequence. In panel (A) Experiment 1, the location of the

control and labeling planes is depicted, followed by an example of possible additional slab inversion thicknesses. The imaging plane is represented in

green, the non-selective inversion pulse (control) in blue, the slab selective inversion pulse (labeling) in orange, and the coil coverage in red. In panel (B)

Experiment 2, the protocol for the fMRI experiment is outlined along with the designed fMRI stimulus. The stimulus involved right-hand finger

tapping every 33 seconds after the baseline (also 33 seconds), followed by a 33s rest condition (indicated by a cross sign). The total experiment time was

6 minutes and 5 seconds. Panel (C) shows the pulse sequence diagram with all relevant elements.

https://doi.org/10.1371/journal.pone.0309204.g001
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For the pTx system, a maximum B1
+ value of 18μT was used for the excitation pulses; this is

the default maximum for this system. For the 2Tx, a maximum B1+ of 12μT was used for the

excitation pulses to accommodate amplifier limitations. For the system used in the present

study, changes in the B1 maximum are applied only to the excitation pulses. The inversion

pulse attributes, such as B1 amplitude, pulse length, and flip angle were kept as predefined.

The inversion pulses do not exceed safety limits. Apart from the excitation B1
+ value, all

sequence parameters were kept the same for all participants. S1 Fig in S1 File to see B1
+ maps.

Data analysis

For the first experiment, we first performed motion correction for both control and label

images separately using SPM12-based (SPM12, version 7771) ASL toolbox functions available

in ASLtbx [27]. The alignment between label and control as well as across the three inversion

slab thicknesses (6cm, 9cm, and 12 cm) was conducted as part of the motion correction for the

2Tx and pTx data separately.

ASL image registration between coils was performed using a combination of iTksnap and

the FLIRT registration software from FSL. First, the affine matrix was generated in iTksnap

(version 4.0.2) [28] either manually or by using the iTk automatic registration function. The

saved affine matrix was used as the initial matrix to register the 2Tx data into the pTx space

using FLIRT (FSL version 6.0.6.4). To create the gray-matter and white-matter masks, we used

the segmentation function from SPM12 on the averaged perfusion-weighted images. Gray and

white matter binary masks for the left and right hemispheres were created manually using

iTK-SNAP by editing the segmented gray-matter and white-matter tissues.

For the second experiment, motion correction was performed using the ASLtbx, followed

by the use of an isotropic Gaussian kernel of 5mm in SPM12 to increase the functional signal-

to-noise ratio (SNR) in the perfusion fMRI experiment. Following the preprocessing steps, the

perfusion images, statistical analysis, and figure plots were generated by in-house scripts using

Julia Language [29] v.1.7.2 with the following packages MriResearchTools.jl v.0.7.0, Statistics.jl

v.1.8.0, DataFrames.jl v.0.20.2, GLM.jl v.1.1.1 and CSV.jl v0.8.5 and R v.4.2.1 [30] with ggplot2

v.3.4.2 and ggpubr v.0.4.0 packages [31, 32]. All in-house scripts developed for this study can

be accessed through the following link (https://github.com/icaroafoliveira/ASL_7T_pTx_

scripts). We used the GLM analysis as implemented in FSL (FEAT, v.6.0.6.4) for the fMRI

experiment.

FAIR perfusion-weighted maps were generated through pairwise subtraction of the control

and label images (ΔM = Scontrol − Slabel). It is worth mentioning that while we acknowledge the

importance of robust quantification in certain contexts, in the scope of this study, the omission

of CBF quantification allows for a more direct comparison of coil performance.

To investigate the performance of both coils, we first did a visual inspection of the image

quality of the images produced by both coils. Quantitative measurements were based on the

stability of the signal over time by calculating the coefficient of variance (CoV) and temporal

signal-to-noise ratios (tSNR) of the perfusion images. The CoV is generated by calculating the

standard deviation of the perfusion images over time divided by the mean of the perfusion

images over time, as shown by equation [1]. The tSNR maps were generated by calculating the

mean of the perfusion images over time divided by the standard deviation over time, as shown

by equation [2]. Additionally, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)

were also assessed. The SNR was calculated using equation [3], and it was defined as the mean

divided by the standard deviation of the gray-matter mask. The CNR was calculated using

equation [4], μGM and μWM are the mean signal intensities of gray matter and white matter

regions of interest, respectively. σGM and σWM are the standard deviation of the signal

PLOS ONE Enhancing 7T perfusion with parallel transmit coil

PLOS ONE | https://doi.org/10.1371/journal.pone.0309204 August 26, 2024 5 / 16

https://github.com/icaroafoliveira/ASL_7T_pTx_scripts
https://github.com/icaroafoliveira/ASL_7T_pTx_scripts
https://doi.org/10.1371/journal.pone.0309204


intensities in the gray matter and white matter regions of interest, respectively. The SNR equa-

tion using the same ROI is based on the recommendation [33] to minimize the influence of

differences in the spatial distribution of the noise in parallel imaging acquisition. Both SNR

and CNR equations are derived from the publicly available quality assurance pipeline

(MRIQC) [34]. The statistical assessment was conducted in R version 4.2.1 [30], using Paired

t-tests with alternative hypotheses that the means (pTx vs 2Tx) are different. To address multi-

ple comparisons, we applied Bonferroni correction.

CoV ¼
SD Perfusionð Þ

mean Perfusionð Þ
ð1Þ

tSNR ¼
mean Perfusionð Þ

SD Perfusionð Þ
ð2Þ

SNR ¼ mGM=sGM ð3Þ

CNR ¼
abs mGM � mWMð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
GM þ s

2
WM

� �q ð4Þ

We ran linear regression to evaluate the relationship between the perfusion signal (in terms

of CoV) and the variation in the labeling slab thickness. We calculated the slope and intercept

of the CoV as a function of the slab inversion thickness. Using only the 6cm slab protocol, we

used a t-test to check whether there were differences in the CoV between both coils.

We also compared the tSNR values and mean and max z-scores from the motor area gray

matter mask for the fMRI experiment. The tSNR values were extracted from the whole brain

gray-matter mask using the fMRI dataset, we did not exclude the activated voxels in the analy-

sis. The max and mean z-values were extracted from the Z-statistical activation maps after

thresholding for z> 3.1 and p = 0.05.

Results

Fig 2 shows perfusion-weighted images from an example participant, showing data acquired

with three different thicknesses of the slab-selective inversion pulse and the 2Tx and the pTx

Fig 2. Arterial spin labeling difference image (ΔM) from a single participant (P06), highlighting differences

between the 2Tx and pTx systems. The pTx system generally shows more homogeneous signals (e.g. fewer right-left

differences) than the 2Tx. The increased thickness of the slab-selective inversion (6cm, 9cm, and 12cm) resulted in an

intensity reduction for both the 2Tx and pTx systems.

https://doi.org/10.1371/journal.pone.0309204.g002
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systems. Increasing the thickness of the slab-selective inversion resulted in an intensity reduc-

tion in the perfusion-weighted images in both coils, as expected from the effectively smaller

labeling region. In addition, we noted in this participant a lower signal for the 2Tx system

compared to the pTx. These results were consistent across participants (Fig 3 & S2 Fig in S1

File). Fig 3 shows example slices from the perfusion-weighted images from all participants for

both the pTx and the 2Tx systems. On the 2Tx system, we consistently observed an asymmetry

in perfusion signal brightness between the right and left hemispheres, whereas the pTx images

do not show the same pattern.

In Fig 4, the results of the linear regression are shown. This was used to assess the relation-

ship between the slab inversion thickness and the coefficient of variance (CoV) of the perfu-

sion signal for each ROI and coil. Average slopes and intercepts across participants and ROIs

were as follows: For the 2Tx the Right-GM ROI, slope = 0.074, intercept = 0.349, and Left-GM

ROI, slope = 0.053, intercept = 0.347. For the pTx, the Right-GM ROI, slope = 0.037, inter-

cept = 0.266; for the Left-GM ROI, slope = 0.042, intercept = 0.224. For both ROIs, the average

slope across participants is slightly higher for the 2Tx compared to the pTx coil, meaning that

there is more perfusion signal loss at larger inversion slab widths. The detailed output of the

linear regression with the respective error and goodness of fit is provided in the supplementary

material (S1-S4 Tables in S1 File). We presented a boxplot depicting the perfusion CoV for

both gray-matter hemispheres and three different labeling thicknesses, emphasizing the dis-

tinction between 2Tx and pTx. A paired t-test (Bonferroni corrected) revealed a significant dif-

ference in both hemispheres for the two labeling thicknesses, 6cm, and 9cm. Additionally, a

significant difference was observed for the labeling thickness of 12 cm, but exclusively in the

right hemisphere. These results are visually represented in Fig 5.

To assess the level of noise between the two coils, we investigated the SNR and CNR. For

the SNR the left and the right gray matter ROIs were assessed. As can be seen in Fig 6 panel A,

the median SNR was higher for pTx compared to the standard 2Tx coil in both ROIs and

across the different slab inversion thicknesses. The SNR distribution across participants seems

Fig 3. Single slice (#6) arterial spin labeling difference (ΔM) from all 7 participants. An asymmetric right-left signal

pattern can be seen on the 2Tx images for all slab thicknesses and participants. A more homogenous pattern is

consistently observed in the pTx images. The contrast window is the same for all perfusion-weighted images.

https://doi.org/10.1371/journal.pone.0309204.g003
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Fig 4. Coefficient of variance (CoV) vs. additional (label thickness) slab inversion thickness for right and left

masks and coils (2Tx and pTx), showing an increased signal for 2Tx than pTx. CoV reflects the amount of noise in

the perfusion-weighted images. The increase in the thickness of the slab inversion resulted in a slightly higher signal

loss for the 2Tx than pTx.

https://doi.org/10.1371/journal.pone.0309204.g004

Fig 5. Boxplot of the coefficient of variance (CoV) for both coils and all three additional slab inversion

thicknesses. The boxplot shows that for all conditions, 2Tx yielded higher CoV than pTx. Higher CoV reflects the

amount of noise in the perfusion data. The lines between each coil denote each participant’s CoV. A Paired t-test was

used to check for statistical differences. A significant difference was observed, and the level of significance is denoted

by the asterisk symbol (* represents p<0.01, ** represents p<0.001, *** represents p<0.0001 and ns is the

representation of not significant p-value).

https://doi.org/10.1371/journal.pone.0309204.g005
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to be more spread in the 2Tx than in the pTx coil, specifically for the right GM region. Statisti-

cal assessment showed no significant differences between both coils. The CNR boxplot (Fig 6

panel B), displays the distribution of CNR across participants for both coils. We observed

higher CNR for pTx than the 2Tx coil, and the paired t-test showed a significant difference

(Bonferroni corrected) between both coil configurations (p<0.00001).

Regarding the fMRI experiment, robust perfusion responses in the motor cortex were

obtained in all participants with both coils. Fig 7 shows the tSNR values extracted from the

gray-matter mask and an exemplar tSNR map from one of the participants (P07). The individ-

ual data points show a noticeably higher tSNR for the pTx coil compared to 2Tx for all partici-

pants, albeit, not statistically significant. Fig 8 presents an illustrative slice of the mean

perfusion activation map from all participants engaged in the fMRI experiment. We found

comparable activation maps between 2Tx and pTx in all participants. The mean and the maxi-

mum z-values for both coils are depicted in Fig 9. There were no significant differences

between the z-values obtained with the two different setups.

Discussion

In the present study, we implemented a Pulsed FAIR ASL sequence at 7T on two different sys-

tems: a standard 2-channel transmit system with a 32Rx2Tx coil and the pTx system of the

same 7T scanner (32Rx8Tx). Both systems utilized the same pulse-sequence and RF pulses.

We aimed to compare the effect of the performance of both rf-coils configurations on the ASL

quality.

The FAIR sequence with TR-FOCI inversion pulse yielded high image quality on both 2Tx

and pTx systems. Upon increasing the thickness of the slab-selective inversion slab (thereby

reducing the label bolus width), signal decreases were smaller using the pTx system, reflecting

the better coil performance of the latter. We observed this behavior in Figs 2 and 3, but it is

also reflected in the slightly higher slopes for the CoV vs. slab thickness in the 2Tx system com-

pared to the pTx system in Figs 4 and 5. With the increasing thickness of the inversion slab,

the effective gap between the imaging volume and the top of the labeling slab increases.

Fig 6. Assessing signal-to-noise ratio (SNR) (Panel A) and contrast-to-noise ratio (CNR) (Panel B) across

different coil configurations. The boxplot illustrates the distribution of SNR and CNR values for the 2Tx and pTx

coils. The pTx coil shows higher median SNR values (indicated by dark strokes) for both the left and right gray matter

(GM), and these results are also consistent across slab inversion thicknesses. In terms of CNR, pTx yielded higher

values than 2Tx. Statistical analysis using paired t-test (Bonferroni corrected) revealed a significant difference in CNR

assessment for all thicknesses (p<0.00001) for both the right and left hemispheres, while no statistical difference was

found in SNR. The level of significance is denoted by an asterisk symbol, with **** representing p<0.0001.

https://doi.org/10.1371/journal.pone.0309204.g006

PLOS ONE Enhancing 7T perfusion with parallel transmit coil

PLOS ONE | https://doi.org/10.1371/journal.pone.0309204 August 26, 2024 9 / 16

https://doi.org/10.1371/journal.pone.0309204.g006
https://doi.org/10.1371/journal.pone.0309204


Labeling will, therefore, be more dependent on more distal locations in which the B1+ of the

transmit coil is known to decrease. It can therefore be concluded that by using pTx the inver-

sion becomes more efficient, especially in the lower regions.

Moreover, Figs 2 and 3 depict a significant asymmetry in perfusion signal intensity between

the right and left hemispheres while using the 2Tx system. It is important to mention that this

asymmetric behavior can be misleading when ASL is used for clinical purposes, as it can be

perceived as a spatial perfusion variation, hypoperfusion, caused by a type of vascular

impairment, like a stenosed internal carotid artery [35]. In our case, the observed difference is

not driven by the overall B1
+ amplitude that would result in a global decrease in signal inten-

sity, but rather by the different patterns of B1
+ for the two coils at the level of the labeling. By

looking at slices of the B1+ map that correspond to the imaging slices, it was confirmed that

the asymmetry was not caused by local variation in the excitation flip angle: S1 Fig in S1 File

shows the difference pattern of B1+ maps for both coils. Interestingly, similar asymmetric

behavior was previously reported for a different 7T system using a single-channel transmit coil

[36]. There, the authors proposed extending their coil’s coverage by adding dielectric pads [15]

Fig 7. Temporal Signal-to-noise ratio (tSNR) of the gray matter in the fMRI data. On the top part of the figure, we

show the scatter plots of tSNR values from both coils extracted from the gray-matter mask in the fMRI data. The lines

between each coil denote each participant’s tSNR signal. On the bottom part of the figure, we show a single slice of the

tSNR maps from one of the participants (P07). The pTx yielded higher tSNR for all participants than the standard 2Tx

coil.

https://doi.org/10.1371/journal.pone.0309204.g007
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to ensure a more homogenous distribution of the B1+ and, therefore, the resulting perfusion

signal. The pTx coil had a similar effect, improving the B1+ distribution across the brain,

including the lower brain areas where the tag is formed in FAIR.

Additionally, we also evaluated the SNR across both ROIs and found a higher median for

pTx compared to the 2Tx coil; however, this discrepancy lacked statistical significance. Interest-

ingly, the SNR distribution across participants appears more widely dispersed with the 2Tx

Fig 8. A single slice of activation maps, generated from perfusion-weighted data during a right-hand finger-

tapping experiment, showcases mean perfusion-weighted images superimposed with Z-Statistical maps in subject

space across different slices. Consistent activation patterns were noticeable across all participants for both coils.

https://doi.org/10.1371/journal.pone.0309204.g008
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Fig 9. Max and mean z-values from all participants of the fMRI experiment. Z-values were extracted from Z-statistical

activation maps with a z> 3.1 and p = 0.05 threshold. Participants P06 and P07 demonstrated higher mean and max z-values

for pTx compared to 2Tx, while P05 exhibited a slight increase in pTx compared to 2Tx. However, P04 displayed decreased z-

values (mean and max) for pTx relative to 2Tx. While our processing pipeline did not identify issues of excessive motion for

participant P04, we acknowledged the possibility that the differences in the participant’s engagement with the task could have

influenced the observed decreased z-values while using pTx.

https://doi.org/10.1371/journal.pone.0309204.g009
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than the pTx coil, specifically for the right gray matter region. Given that our SNR measure-

ments are likely driven by the signal intensities rather than the noise levels, we speculate that

the observed variations have the same origin as the signal intensities that are observed between

both hemispheres (see Figs 2 & 3). On the other hand, our dataset showed statistically signifi-

cant differences in CNR between pTx and standard 2Tx coil. Higher CNR values indicate better

differentiation between GM and WM regions, which can be crucial for lesion detection [37].

The initial evaluation of the fMRI dataset focused on tSNR. Our observations indicated an

enhancement in tSNR with the use of a pTx coil as opposed to 2Tx, as demonstrated in Fig 7.

These findings strongly indicate that using the pTx in CP mode (or close to CP mode, i.e., no

RF-shimming or tailored RF pulses) can potentially yield superior gains in tSNR for ASL per-

fusion images. Given that both sequences were executed with nearly identical settings, we

believe that the increase in tSNR highlights the robustness of signal intensity distribution

when utilizing pTx coil. This consistency in results was also evident in experiment 1, where

pTx demonstrated superior signal stability across all regions (lower CoV, CoV = 1/tSNR),

including both the right and left gray matter ROIs and additional inversion slab thickness.

Previous studies have already shown an increase in tSNR in BOLD after the implementa-

tion of tailored RF pulses, like Universal pulses (UPs) or kt-points [38, 39] or just using RF B1+

shimming [40]. To date, the use of tailored pTx pulses such as kt-points and UPs in ASL litera-

ture is scarcer, especially for similar purposes as in BOLD fMRI studies, specifically targeting

whole brain signal homogeneity. In principle, employing these methods in ASL fMRI could

offer advantages such as increased tSNR, improved signal homogeneity, and potentially allevi-

ating power deposition constraints. Initial insights demonstrated the benefits of these pulses in

velocity-selective ASL [41]. The spatially selective ASL studies that used pTx capabilities were

especially focused on enhancing labeling efficiency by improving B1
+ shimming at the inflow-

ing arteries [22–24]. This was especially important in those studies as they employed pCASL

labeling for which labeling efficiency is highly dependent on B1 with SAR-restriction easily

leading to prolonged TR [22–24].

Our fMRI experiment consistently elicited robust perfusion responses within the motor

cortex across all participants using both coils. The perfusion activation maps demonstrate

comparable activation maps between 2Tx and pTx. The mean and maximum z-scores calcula-

tion revealed higher mean and maximum z-values for pTx than 2Tx, for three out of four par-

ticipants. Overall, the results of the fMRI experiment suggest that both coils can be used

effectively for perfusion-based fMRI studies in the motor cortex.

Conclusion

Acquisition of FAIR perfusion-weighted images with TR-FOCI pulse was feasible at 7T using

an 8-channel pTx coil. Here, we show that utilizing a pTx coil with multiple transmit channels

provides notable advantages, even when the system is used in near-quadrature mode. The pTx

setup improved signal stability and homogeneity, which are crucial for enhancing the sensitiv-

ity and accuracy of perfusion-weighted measurements.

Supporting information

S1 File. Supplementary material. This supplementary file presents detailed results from the

linear regression analysis, systematically summarized in S1-S4 Tables. It also features S1, S2

Figs, which illustrate B1+ maps and individual perfusion maps, providing more details for both

coil configurations.

(PDF)
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26. Oliveira ÍAF, Roos T, Dumoulin SO, Siero JCW, van der Zwaag W. Can 7T MPRAGE match MP2RAGE

for gray-white matter contrast? NeuroImage. 2021; 240: 118384. https://doi.org/10.1016/j.neuroimage.

2021.118384 PMID: 34265419

27. Wang Z, Aguirre GK, Rao H, Wang J, Fernández-Seara MA, Childress AR, et al. Empirical optimization

of ASL data analysis using an ASL data processing toolbox: ASLtbx. Magn Reson Imaging. 2008; 26:

261–269. https://doi.org/10.1016/j.mri.2007.07.003 PMID: 17826940

PLOS ONE Enhancing 7T perfusion with parallel transmit coil

PLOS ONE | https://doi.org/10.1371/journal.pone.0309204 August 26, 2024 15 / 16

https://doi.org/10.1002/1522-2594%28200007%2944%3A1%26lt%3B92%3A%3Aaid-mrm14%26gt%3B3.0.co%3B2-m
https://doi.org/10.1002/1522-2594%28200007%2944%3A1%26lt%3B92%3A%3Aaid-mrm14%26gt%3B3.0.co%3B2-m
http://www.ncbi.nlm.nih.gov/pubmed/10893526
https://www.frontiersin.org/articles/10.3389/fradi.2022.929533
https://www.frontiersin.org/articles/10.3389/fradi.2022.929533
http://www.ncbi.nlm.nih.gov/pubmed/37492666
https://doi.org/10.1002/mrm.29391
http://www.ncbi.nlm.nih.gov/pubmed/35849739
https://doi.org/10.1002/mrm.26351
http://www.ncbi.nlm.nih.gov/pubmed/27465273
https://doi.org/10.1002/mrm.10211
http://www.ncbi.nlm.nih.gov/pubmed/12210932
https://doi.org/10.1371/journal.pone.0215998
https://doi.org/10.1371/journal.pone.0215998
http://www.ncbi.nlm.nih.gov/pubmed/31022257
https://www.frontiersin.org/articles/10.3389/fphys.2023.1271254
https://www.frontiersin.org/articles/10.3389/fphys.2023.1271254
http://www.ncbi.nlm.nih.gov/pubmed/38235379
https://doi.org/10.1002/ima.20218
https://doi.org/10.1007/s10334-016-0555-2
http://www.ncbi.nlm.nih.gov/pubmed/27084187
https://doi.org/10.1002/mrm.28661
http://www.ncbi.nlm.nih.gov/pubmed/33427349
https://doi.org/10.1371/journal.pone.0250504
https://doi.org/10.1371/journal.pone.0250504
http://www.ncbi.nlm.nih.gov/pubmed/33901230
https://doi.org/10.1016/j.neuroimage.2021.118724
https://doi.org/10.1016/j.neuroimage.2021.118724
http://www.ncbi.nlm.nih.gov/pubmed/34780918
https://doi.org/10.1371/journal.pone.0066612
http://www.ncbi.nlm.nih.gov/pubmed/23818950
https://doi.org/10.1097/RMR.0000000000000204
http://www.ncbi.nlm.nih.gov/pubmed/31188274
https://doi.org/10.1002/mrm.28982
http://www.ncbi.nlm.nih.gov/pubmed/34411335
https://doi.org/10.1002/mrm.28173
https://doi.org/10.1002/mrm.28173
http://www.ncbi.nlm.nih.gov/pubmed/31971634
https://doi.org/10.1002/mrm.28988
https://doi.org/10.1002/mrm.28988
http://www.ncbi.nlm.nih.gov/pubmed/34427341
https://doi.org/10.1002/mrm.22167
http://www.ncbi.nlm.nih.gov/pubmed/19859955
https://doi.org/10.1016/j.neuroimage.2021.118384
https://doi.org/10.1016/j.neuroimage.2021.118384
http://www.ncbi.nlm.nih.gov/pubmed/34265419
https://doi.org/10.1016/j.mri.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17826940
https://doi.org/10.1371/journal.pone.0309204


28. Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, et al. User-guided 3D active contour

segmentation of anatomical structures: Significantly improved efficiency and reliability. NeuroImage.

2006; 31: 1116–1128. https://doi.org/10.1016/j.neuroimage.2006.01.015 PMID: 16545965

29. Bezanson J, Edelman A, Karpinski S, Shah VB. Julia: A Fresh Approach to Numerical Computing.

SIAM Rev. 2017; 59: 65–98. https://doi.org/10.1137/141000671

30. R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Founda-

tion for Statistical Computing; 2022. https://www.R-project.org/

31. Kassambara A. ggpubr: “ggplot2” Based Publication Ready Plots. 2020. https://CRAN.R-project.org/

package=ggpubr

32. Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York; 2016. https://

ggplot2.tidyverse.org

33. Dietrich O, Raya JG, Reeder SB, Reiser MF, Schoenberg SO. Measurement of signal-to-noise ratios in

MR images: Influence of multichannel coils, parallel imaging, and reconstruction filters. J Magn Reson

Imaging. 2007; 26: 375–385. https://doi.org/10.1002/jmri.20969 PMID: 17622966

34. Esteban O, Birman D, Schaer M, Koyejo OO, Poldrack RA, Gorgolewski KJ. MRIQC: Advancing the

automatic prediction of image quality in MRI from unseen sites. PLOS ONE. 2017; 12: e0184661.

https://doi.org/10.1371/journal.pone.0184661 PMID: 28945803

35. Ferré J-C, Bannier E, Raoult H, Mineur G, Carsin-Nicol B, Gauvrit J-Y. Arterial spin labeling (ASL) perfu-

sion: Techniques and clinical use. Diagn Interv Imaging. 2013; 94: 1211–1223. https://doi.org/10.1016/

j.diii.2013.06.010 PMID: 23850321

36. Kashyap S, Haast RAM, Kirk TF, Vu AT, Kurban D, Hellenbrand R, et al. The impact of B1+ on the opti-

misation of high-resolution ASL acquisitions at 7T. 2021 [cited 18 Jul 2023].

37. Dury RJ, Falah Y, Gowland PA, Evangelou N, Bright MG, Francis ST. Ultra-high-field arterial spin label-

ling MRI for non-contrast assessment of cortical lesion perfusion in multiple sclerosis. Eur Radiol. 2019;

29: 2027–2033. https://doi.org/10.1007/s00330-018-5707-5 PMID: 30280247

38. Gras V, Poser BA, Wu X, Tomi-Tricot R, Boulant N. Optimizing BOLD sensitivity in the 7T Human Con-

nectome Project resting-state fMRI protocol using plug-and-play parallel transmission. NeuroImage.

2019; 195: 1–10. https://doi.org/10.1016/j.neuroimage.2019.03.040 PMID: 30923027

39. Le Ster C, Moreno A, Mauconduit F, Gras V, Stirnberg R, Poser BA, et al. Comparison of SMS-EPI and

3D-EPI at 7T in an fMRI localizer study with matched spatiotemporal resolution and homogenized exci-

tation profiles. PLoS ONE. 2019; 14: e0225286. https://doi.org/10.1371/journal.pone.0225286 PMID:

31751410

40. Ding B, Dragonu I, Rua C, Carlin JD, Halai AD, Liebig P, et al. Parallel transmit (pTx) with online pulse

design for task-based fMRI at 7 T. Magn Reson Imaging. 2022; 93: 163–174. https://doi.org/10.1016/j.

mri.2022.07.003 PMID: 35863691

41. Wu C-Y, Jin J, Dixon C, Maillet D, Barth M, Cloos MA. Velocity selective spin labeling using parallel

transmission. Magn Reson Med. 2024; 91: 1576–1585. https://doi.org/10.1002/mrm.29955 PMID:

38044841

PLOS ONE Enhancing 7T perfusion with parallel transmit coil

PLOS ONE | https://doi.org/10.1371/journal.pone.0309204 August 26, 2024 16 / 16

https://doi.org/10.1016/j.neuroimage.2006.01.015
http://www.ncbi.nlm.nih.gov/pubmed/16545965
https://doi.org/10.1137/141000671
https://www.R-project.org/
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1002/jmri.20969
http://www.ncbi.nlm.nih.gov/pubmed/17622966
https://doi.org/10.1371/journal.pone.0184661
http://www.ncbi.nlm.nih.gov/pubmed/28945803
https://doi.org/10.1016/j.diii.2013.06.010
https://doi.org/10.1016/j.diii.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23850321
https://doi.org/10.1007/s00330-018-5707-5
http://www.ncbi.nlm.nih.gov/pubmed/30280247
https://doi.org/10.1016/j.neuroimage.2019.03.040
http://www.ncbi.nlm.nih.gov/pubmed/30923027
https://doi.org/10.1371/journal.pone.0225286
http://www.ncbi.nlm.nih.gov/pubmed/31751410
https://doi.org/10.1016/j.mri.2022.07.003
https://doi.org/10.1016/j.mri.2022.07.003
http://www.ncbi.nlm.nih.gov/pubmed/35863691
https://doi.org/10.1002/mrm.29955
http://www.ncbi.nlm.nih.gov/pubmed/38044841
https://doi.org/10.1371/journal.pone.0309204

