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Abstract

Advanced intraoperative MR images (ioMRI) acquired during the resection of pediat-

ric brain tumors could offer additional physiological information to preserve healthy

tissue. With this work, we aimed to develop a protocol for ioMRI with increased sen-

sitivity for arterial spin labeling (ASL) and diffusion MRI (dMRI), optimized for patient

positioning regularly used in the pediatric neurosurgery setting. For ethical reasons,

ASL images were acquired in healthy adult subjects that were imaged in the prone

and supine position. After this, the ASL cerebral blood flow (CBF) was quantified and

compared between both positions. To evaluate the impact of the RF coils setups on

image quality, we compared different setups (two vs. four RF coils) by looking at

T1-weighted (T1w) signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR), as

well as undertaking a qualitative evaluation of T1w, T2w, ASL, and dMR images.

Mean ASL CBF did not differ between the surgical prone and supine positions in any

of the investigated regions of interest or the whole brain. T1w SNR (gray matter:

p = 0.016, 34% increase; white matter: p = 0.016, 32% increase) and CNR were

higher (p = 0.016) in the four versus two RF coils setups (18.0 ± 1.8 vs. 13.9 ± 1.8).

Qualitative evaluation of T1w, T2w, ASL, and dMR images resulted in acceptable to

good image quality and did not differ statistically significantly between setups. Only

the nonweighted diffusion image maps and corticospinal tract reconstructions

yielded higher image quality and reduced susceptibility artifacts with four RF coils.

Advanced ioMRI metrics were more precise with four RF coils as the standard devia-

tion decreased. Taken together, we have investigated the practical use of advanced

ioMRI during pediatric neurosurgery. We conclude that ASL CBF quantification in

the surgical prone position is valid and that ASL and dMRI acquisition with two RF

coils can be performed adequately for clinical use. With four versus two RF coils, the

SNR of the images increases, and the sensitivity to artifacts reduces.

Abbreviations: ASL CBF, arterial spin labeling cerebral blood flow; CNR, contrast-to-noise ratio; dMRI, diffusion MRI; GM, gray matter; IoMRI, intraoperative MRI; SNR, signal-to-noise ratio;

WM, white matter.
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1 | INTRODUCTION

Intraoperative MRI (ioMRI) in pediatric brain tumor surgery aims to increase resection control. As ioMRI accounts for the brain shift that results

from the craniotomy, it provides a more accurate update to the neuronavigation.1 Conventionally, ioMRI protocols based on anatomical T1- and

T2-weighted (T1w and T2w, respectively) MR images are needed to assess the extent of resection.2 Nevertheless, advanced MR sequences are

said to offer additional physiological information during surgery, aiding in the preservation of healthy and functional brain regions.3–5 For example,

arterial spin labeling (ASL) can provide information on intraoperative cerebral blood flow (CBF).6 An intraoperative update of fiber tractography,

based on diffusion MRI (dMRI), could help to prevent surgery-associated neurological damage in surrounding brain tissue.2,7–9 Moreover,

intraoperative dMRI can also detect ischemic infarcts.10

The available literature on advanced ioMRI sequences in pediatric populations is limited,11 which can probably be attributed to the challenges

of performing experimental imaging studies with limited available time during surgery. The acquisition of advanced MR images is also challenged

by patients operated in the prone position because of the high prevalence of tumors in the posterior fossa region in the pediatric population.12,13

Another challenge of advanced ioMRI acquisition is that only two single-channel flexible receive coils (RF coils) can be combined with the DORO

surgical head fixation frame and the Philips MR system.6 Using only two RF coils could compromise the image quality of the advanced sequences

due to limited options for parallel imaging.

The acquisition of MR images in the prone position could pose a challenge for the ASL sequence because the arteries labeled in ASL

sequences are in a different orientation and rotation in the prone position, where patients lie on their belly with their heads tilted downward.

Suboptimal labeling efficiency of these arteries can result in inaccurate ASL CBF quantification.14 It is unknown whether quantified ASL CBF dif-

fers within patients in the surgical prone or supine position.

The image quality challenge in advanced ioMRI acquisition with two RF coils arises from the limited scanning time during surgery,

the relatively low signal-to-noise ratio (SNR) of advanced sequences,4,5,15 and the restricted applicability of acceleration techniques, such as

parallel imaging (e.g., SENSE) or Compressed Sensing, with a limited number of RF coils. Additional RF coils could impact image quality as

they theoretically increase the geometry (g) factor and, consequently, SENSE's undersampling capabilities.16 Ultimately, this should result in

fewer susceptibility artifacts, which could be translated into improved image quality. Alternatively, sequences that use Compressed Sensing

denoised reconstructions could improve theoretically with more signal from more RF coils.17 While other ioMRI systems with multiple RF coils

are available, such as MR systems from other vendors or the NORAS head-frame with eight integrated receive channels,3 our institution

favors the use of the DORO frame. This preference is attributed to the high surgical flexibility, particularly in the pediatric population,

which exhibits a wide range of tumor locations. Therefore, there is a need for flexibility in head positioning to secure optimal surgical entry in

the brain.

With this work, we aimed to explore the validity of ASL and dMRI acquisition during pediatric neurosurgery with a focus on patient position-

ing and RF coils setup. To this end, we first investigated if ASL CBF differs between the surgical prone and supine positions in the standard clinical

setup (32-channel head coil). Second, we developed an ioMRI setup that can provide high-quality ASL and multishell dMRI, as well as T1w and

T2w images, with four RF coils that still allowed optimal head positioning in the head-frame for neurosurgery. The original protocol for the two

RF coils was derived from our institution's standard clinical pediatric brain tumor protocol. The protocol for the four RF coils has been optimized

for SENSE (ASL and dMRI) and Compressed Sensing reconstructions (T1w and T2w), while maintaining similar acquisition times and spatial

resolutions as for the two RF coils setup. The validation of prone ASL CBF was measured with quantified ASL CBF and the optimal ASL labeling

efficiency with flow velocity.14 Differences in image quality obtained with the two and four RF coils were measured for SNR, contrast-to-noise

ratio (CNR), and qualitative image analysis. Because of ethical considerations when scanning children, healthy adults were included as our study

population.

2 | EXPERIMENTAL

2.1 | Study population

For the first part of our study (ASL in the prone position), five healthy subjects (aged 22–31 years; three females) were included. Another seven

healthy subjects (aged 21–29 years; four females) were included for the second part (multiple RF coils). The local ethics committee approved this

study. All subjects provided written informed consent.
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2.2 | Part 1: ASL in the prone position

2.2.1 | Experimental setup

To validate the ASL CBF measurements in the prone position, subjects were scanned in the standard clinical setup on a 3-T MRI scanner (Ingenia

Elition X, version 5.7.1.2, Philips Healthcare, Best, The Netherlands) with the 32-channel head coil. Subjects were scanned in the prone and supine

position during the same MRI examination. To mimic the surgical prone position, subjects lay on their belly with their chest lifted with MRI-

compatible table pads so their head could tilt downward. In the supine position, the subjects would lie on their back with their head in a neutral

position. Foam padding was used to restrict head motion and cushioning in both positions. ASL CBF data quality was also verified in the prone

position in the ioMRI setup with the two RF coils (see the supporting information).

2.2.2 | Imaging protocol

The imaging protocol (Table 1) consisted of a T1w imaging acquisition and a standard 3D phase contrast (PC) angiography survey with a large

volume that imaged all the carotid arteries. The maximum intensity projection reconstruction of this survey scan was used for planning purposes

of the standard pulse-wave triggered 2D quantitative PC MRI and the pseudocontinuous ASL (PCASL) image acquisition. The T1w and PCASL

acquisition parameters were derived from the clinical pediatric brain tumor protocols established at our institution. Note that this imaging protocol

was scanned with the 32-channel head coil but optimized in such a way that the same protocol can also be used with two RF coils. Therefore, no

SENSE has been used.

2.2.3 | Image postprocessing

ASL CBF images were quantified with the ExploreASL (ExploreASL.com) pipeline. This toolbox is based on MATLAB (MathWorks, Natick, MA,

USA), Statistical Parametric Mapping (SPM), and Diffeomorphic Anatomical Registration analysis using Exponentiated Lie algebra (DARTEL).18

Within the ExploreASL pipeline, the Computational Anatomy Toolbox 12 (CAT12) was used for the segmentation of T1w images into partial

volume gray matter (GM), partial volume white matter (WM), and cerebrospinal fluid with the Montreal Neurological Institute (MNI) template.

Furthermore, motion correction and outlier removal were executed in the control and labeled images. The remaining images were registered to

the partial volume GM map of the T1w image. CBF quantification was performed assuming the one-compartment model.19

TABLE 1 Imaging parameters of all sequences used to study ASL in the prone position.

Sequence T1w Quantitative PC MRI PCASL

General parameters

Field of view (mm) 230 � 230 � 190 150 � 100 238 � 238 � 161

Acquired voxel size (mm) 1.00 � 1.00 � 1.00 1.15 � 1.15 � 5.00 2.98 � 2.98 � 7.00

Echo time (ms) 3.83 5.66 12.10

Repetition time (ms) 8.32 9.29 4100

Flip angle (�) 8 10 90

Acquisition time 3 min 14 s 1 min 53 s 4 min 47 s

Number of slices 190 1 23

Sequence specific parameters

Shot interval (ms) 3000

Time inversion (ms) 900

Velocity encoding (cm/s) 90

Dynamic volumes 8

Postlabeling delay (ms) 1500

Labeling duration (ms) 1800

Label distance (mm) 109.86

Note: The quantitative PC MRI had a 2D readout and the PCASL sequence had a 3D GraSE readout. No acceleration was used.

Abbreviations: ASL, arterial spin labeling; PC, phase contrast; PCASL, pseudocontinuous arterial spin labeling; T1w, T1-weighted.
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Mean ASL CBF values were obtained for the whole brain and several regions of interest (ROIs), including the cerebellum, frontal, temporal,

parietal, and occipital lobes. The automated ROI segmentation of ExploreASL was based on the MNI Structural atlas and the Wholebrain atlas.

Partial volume correction was only applied to the CBF quantification of the ROIs, not to the whole-brain measurements.

The 2D quantitative PC MRI data were processed using Philips Qflow MRI software. After manually placing ROIs in the left and right internal

carotid artery and vertebral artery, mean arterial flow velocity values were obtained from each artery.

2.2.4 | Statistical analysis

To analyze differences in quantified ASL CBF values and flow velocity between the prone and supine positions within subjects, the paired

Wilcoxon signed-rank test (significance level p < 0.05) was used for each ROI separately.

2.3 | Part 2: Multiple RF coils

2.3.1 | Experimental setup

For each subject, images with both the two and four RF coils setups were obtained during the same MRI examination on a 3-T MRI scanner

(Ingenia, 70-cm bore, version 5.7.1.3, Philips Healthcare) (Figure 1). In the two RF coils setup, two Philips FLEX L coils (20-cm diameter) were

connected to a Philips dStream interface box. For the four RF coils scenario, another dStream interface box was stacked on top of the first one,

which allowed the connection of two additional FLEX M coils (15-cm diameter). The two dStream interface boxes were used to mimic an interface

box with four sockets for the FLEX coils that is not yet commercially available. For the four RF coils setup, the optimal positioning was determined

of two overlapping RF coils with respect to each other by minimizing the S12 (i.e., the parameter that describes the amount of coupling) using

two pickup probes, each at a fixed distance per RF coil, connected to a network analyzer. The optimal decoupling was achieved when the neigh-

boring RF coils were approximately 3 cm at 30� in overlap (Figure 1). In both setups, the subject was positioned in the supine position, as

described in part 1.

2.3.2 | Imaging protocol

The scan protocol consisted of T1w, T2w, ASL, and dMRI acquisitions. The two RF coils protocol was derived from the preoperative protocol of

our institution that is normally acquired with a 32-channel head coil. For our study, we optimized the SENSE factors for the acquisition with two

RF coils and a total duration of �20 min. The protocol with four RF coils had the same acquisition time and resolution but was optimized for

image quality using SENSE or Compressed Sensing (Table 2). The T1w image acquisition had a second identical scan with the radiofrequency

transmitter and gradient amplifiers switched off to produce a modulus noise scan needed to calculate SNR. The T1w and T2w acquisition

parameters were optimized for Compressed Sensing (factor 1.8) with different denoise factors (see the qualitative analysis part in the supporting

information). The PCASL acquisition parameters differed primarily in their SENSE factors and dynamic volumes (two RF coils: SENSE 1, dynamic

volumes 8; four RF coils: SENSE 2, dynamic volumes 16), and the multishell dMRI acquisitions differed in their SENSE factors to reduce

susceptibility artifacts (two RF coils: SENSE 1.8; four RF coils: SENSE 2.5). For the PCASL and -dMRI protocols with two RF coils, the TEs and TRs

were first set to “shortest” and then fixed. To keep similar image contrast and acquisition times in both protocols, the same TE and TR values of

the two RF coils protocol were used for the acquisition with four RF coils.

2.3.3 | Image postprocessing

The SNR and CNR were calculated based on the T1w images. After brain extraction (BET FSL toolbox), signal maps were registered to MNI space

(FLIRT FSL toolbox) and segmented into GM and WM using FAST FSL toolbox.20 The images without RF excitations (reconstructed using the

identical complex weighting factors as used for the MRI reconstructions) were translated into a noise map using a standard deviation kernel of

9 � 9 � 9 voxels.21 The GM and WM segments were used to delineate the corresponding noise voxels in the noise image.

CBF quantification of the PCASL data was processed as described with the ExploreASL pipeline. Left and right GM were included as ROIs for

the ASL CBF quantification. Both were corrected for partial volume effects. To calculate the SNR of the ASL CBF maps, whole-brain T1w GM seg-

ments were used to delineate the corresponding voxels of the SNR maps. Both the T1w GM segments and the SNR maps were derived from the

4 of 14 JELLEMA ET AL.
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Explore ASL population module. Explore ASL generates voxel-wise SNR maps by dividing the mean ASL CBF by the standard deviation across the

control-label repetitions.19 This was done for each subject and setup.

The multishell dMRI data were used to reconstruct quantitative maps of WM microstructure and to perform fiber tractography of eloquent

pathways such as the corticospinal tract (CST) and the arcuate fasciculus (AF). To achieve this, the multishell dMRI data were preprocessed with a

fully automated pipeline based on MRIToolkit (https://github.com/delucaal/MRIToolkit.git) and ExploreDTI.22,23 Data preprocessing included cor-

rection for signal drift,24 denoising with the MPPCA method, brain masking, correction for eddy currents and subject motion by means of affine

registration, b-matrix correction,25 and EPI distortions correction by means of a nonlinear b-spline registration to the T1w image. After

preprocessing, the diffusion kurtosis imaging model was fit to the data using the mean kurtosis (MK) curve correction method,26,27 then maps of

fractional anisotropy (FA), mean diffusivity (MD), and MK were derived as in our previous study.28 To reconstruct fiber tracts, the Generalized

Richardson Lucy spherical deconvolution method22 was applied to reconstruct fiber orientation distributions in WM while accounting for partial

volume with GM and cerebrospinal fluid, then deterministic fiber tractography was performed. Whole-brain tractography was performed by

seeding all voxels within the brain mask, with the parameters step-size 1 mm and 45� angle threshold. Finally, the CST and AF were segmented

from the whole-brain tractography by applying the WM analysis pipeline,29 and their mean FA, MD, and MK were calculated. For the calculation

F IGURE 1 Experimental setup of two and four RF coils used for intraoperative MRI acquisition. (A) Illustration of the setup with two standard
Philips FLEX L coils (20-cm diameter). (B) Side view of the setup with two RF coils. The coils were fixated with a fabric strap and supported with

foam cushions. (C) Illustration of the setup with four RF coils in overlap position: anterior two standard Philips FLEX M coils (15-cm diameter) and
posterior two standard Philips FLEX L coils (20-cm diameter). (D) Side view of the setup with four RF coils. (E) The anterior FLEX M coils fit in
overlap position in the DORO surgical head-frame. These elements were fixated with tape before scanning. (F) The posterior FLEX L coils were
fixated with a piece of foam (red) and tape to maintain the optimal spatial overlap for maximum decoupling.
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of the SNR maps, the mean of all nonweighted diffusion volumes (b = 0 s/mm2) was divided by the standard deviation of these volumes. The

T1w WM segments were used to delineate the corresponding SNR voxels for each subject and setup.

2.3.4 | Quantitative analysis

The SNR and CNR were calculated based on the T1w signal map and the aforementioned modulus noise scan that was used to estimate the noise.

SNR was voxel-wise calculated as the T1w signal divided by the noise within the GM and WM segments separately. CNR was calculated as the

absolute difference between the mean signal in the GM and WM segments, divided by the mean sum of GM and WM noise.

2.3.5 | Qualitative analysis

Two neuroradiologists, with 7.5 and 25 years of experience, rated the MR images. They were blinded to the number of RF coils and the subject

identification.

Additionally, the order of the images was reversed between raters to partially counterbalance potential practice and fatigue effects. A monitor

resolution of 1920 � 1080 pixels was used for the display and evaluation of the MR images. T1w and T2w images were rated in FSLeyes (version

6.0). Qualitative PCASL perfusion, a nonweighted diffusion image (b = 0 s/mm2) map, and FA maps were inspected using Multi-image Analysis

GUI (Mango version 4.1; http://ric.uthscsa.edu). The neuroradiologists conducted their rating over four separate sessions on different days, fur-

ther mitigating potential fatigue effects.

Assessment of T1w and T2w images included overall image quality, anatomical details (cortical, subcortical, cerebellum, and gray-white matter

contrast), rated on a five-point Likert scale from 1 (very poor) to 5 (excellent).30

Qualitative ASL perfusion and nonweighted diffusion image maps were evaluated using an adapted version of a standardized scoring sys-

tem.31 This system considered the visibility of components in different brain regions, including the cortex, subcortex, and cerebellum, and the dif-

ferentiation between GM and WM. The system also considered the presence of artifacts, such as signal drop, distortion, and bright spots or areas.

FA color-coded maps and fiber tractography of the CST, and AF, were evaluated based on the complete representation of anatomy on a five-

point Likert scale from 1 (very poor) to 5 (excellent). False positives were rated on a scale from 1 (severe) to 5 (none). The CST and AF were

selected based on their representativity for the dorsal-caudate and inferior–superior axis, respectively.

2.3.6 | Statistical analysis

To analyze differences in T1w SNR and CNR, dMRI FA and MD, quantified ASL CBF values, and qualitative image scores, the paired Wilcoxon

signed-rank test was used (significance level p < 0.05). A Cohen's κ was calculated to assess the interobserver agreement between the neuroradi-

ologists for the qualitative image analysis scores for both the setups with two and four RF coils.

3 | RESULTS

3.1 | Part 1: Quantified ASL CBF in the prone position

Mean whole-brain ASL CBF values, not corrected for partial volume effects, did not show any statistically significant differences between the

prone and supine position (prone: 30.5 ± 6.75, supine: 33.9 ± 6.84 CBF mL/100 g/min). This is also illustrated in Figure 2, which shows the quanti-

fied ASL CBF maps of one subject. Similar to the mean population values, no clear difference between positions could be detected in the data of

this particular subject. The ASL CBF measurements in each ROI, corrected for partial volume effects, did not differ statistically significantly

(p > 0.05) between the positions (Figure 3). Some ROIs showed a slightly lower ASL CBF in the prone position compared with the supine position.

This was seen in the frontal lobes (prone: 65.3 ± 13.0, supine: 69.5 ± 11.6 CBF mL/100 g/min, p = 0.19) and parietal lobes (prone: 65.5 ± 13.6,

supine: 69.2 ± 11.8 CBF mL/100 g/min, p = 0.19). In some ROIs this trend was somewhat stronger, such as in the cerebellum (prone: 36.1 ± 9.23,

supine: 42.5 ± 8.09 CBF mL/100 g/min, p = 0.06), occipital (prone: 52.1 ± 13.3, supine: 56.3 ± 10.4 CBF mL/100 g/min, p = 0.06), and temporal

lobes (prone: 43.6 ± 10.0, supine: 48.7 ± 9.01 CBF mL/100 g/min, p = 0.06). These results did not differ between genders and did not correlate

with age. Therefore, neither gender nor age was included in the statistical analysis as a covariate.

The flow velocity results are described in the supporting information.
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3.2 | Part 2: Image quality with multiple RF coils

3.2.1 | Quantitative analysis

Mean T1w SNR was statistically significantly higher in the setup with four RF coils than in the one with two RF coils in both GM (p = 0.016) and

WM (p = 0.016) segments, as seen in Figure 4A. For GM and WM, the mean SNR increased by 42% in the four RF coils setup compared with the

setup with two RF coils. Interestingly, SNR measured per voxel showed more variation in the four RF coils setup, compared with the one with

F IGURE 2 Similar quantified arterial spin labeling (ASL) cerebral blood flow (CBF) results for the same subject in the supine and prone
positions. (A) Supine subject positioning in 32-channel head coil. (B) Sagittal T1-weighted (T1w) image. (C) Transverse T1w image. (D) Quantified
ASL CBF map (in mL/min/100 g). (E) Prone subject positioning in 32-channel head coil. (F) Sagittal T1w image. (G) Transverse T1w image.
(H) Quantified ASL CBF map (in mL/min/100 g).

F IGURE 3 Arterial spin labeling (ASL) cerebral blood flow (CBF) measurements in the supine and prone positions. Mean CBF values
(mL/100 g/min) results are shown with error bars in regions of interest (ROIs). No statistically significant differences (p > 0.05) were found in any
ROI between both positions.
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two RF coils, as the standard deviations in both segments increased strongly (GM: 81%, WM: 100%). This was also seen in the SNR distribution

of both setups in the example of one subject (Figure 5). This figure shows a more homogeneously SNR distribution across the whole brain for the

data with two RF coils and a more heterogeneous distribution of the four RF coils data. In particular, the areas near the skull showed a stronger

increase in SNR for the four RF coils setup. The mean CNR was also statistically higher (p = 0.016) for the four RF coils data (18.0 ± 1.8) com-

pared with the two RF coils data (13.9 ± 1.8) (Figure 4B). None of the SNR or CNR results were corrected for gender or age, as they did not corre-

late with the results.

3.2.2 | Qualitative analysis

Mean scores across all imaging sequences indicate that images acquired in the four RF coils setup consistently had superior image quality and sim-

ilar artifacts compared with the images acquired in the two RF coils setup, although this difference was only marginal. Across all sequences and

items, the mean scores ranged from 3 (acceptable) to 5 (excellent). The difference in mean scores ranged from 0 to 0.7 points (Table 3). Figure 6

shows examples of all images that were acquired in one subject with four RF coils for the qualitative analysis.

F IGURE 4 Difference in signal-to-noise ratios (SNRs) and contrast-to-noise ratios (CNRs). (A) Mean SNRs and error bars are shown in gray
and white matter for the two and four RF coils setups. (B) Violin plots of the CNR distribution across subjects measured with the two and four RF
coils setups. *p < 0.05.

F IGURE 5 T1-weighted signal-to-noise ratio (SNR) maps with an artifact that originates from the noise reconstruction. The SNR (in arbitrary
units) is indicated with the color bar. The SNR distribution of the two RF coils setup (A) is more homogeneous across the whole brain. SNR is
increased in the regions closer to the coils and is decreased in deeper seated regions. This effect is increased in the four RF coils setup (B).
(B) shows a more widespread range of SNR distribution; however, the SNR in the center of the brain is similar or higher compared with (A).
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TABLE 3 Mean image scores of both neuroradiologists for all sequences measured with two and four RF coils.

Item

Two coils Four coils

p valueMean (sd) Mean (sd)

T1w Overall image quality 4.1 (0.5) 4.2 (0.6) 0.78

Anatomical details

Cortical 4.3 (0.6) 4.4 (0.5) 0.57

Subcortical 4.3 (0.6) 4.4 (0.5) 0.77

Cerebellum 3.9 (0.6) 4.1 (0.6) 0.66

Gray-white matter contrast 4 (0.4) 4.1 (0.3) 0.77

Artifacts

Susceptibility 4.8 (0.4) 4.9 (0.3) 1

Other 5 (0) 5 (0) NA

T2w Overall image quality 4 (0.3) 4 (0.3) 1.00

Anatomical details

Cortical 3.9 (0.3) 4 (0) 1.00

Subcortical 3.9 (0.3) 4 (0) 1.00

Cerebellum 4 (0.4) 4 (0) 1.00

Gray-white matter contrast 3.9 (0.5) 3.8 (0.4) 0.4

Artifacts

Other 5 (0) 5 (0) NA

ASL Contrast component

Cortical 3.7 (0.5) 3.9 (0.4) 0.48

Subcortical 3.4 (0.8) 3.8 (0.4) 0.17

Cerebellum 3.4 (0.6) 3.2 (1) 0.52

Gray-white matter contrast 3.8 (0.4) 3.9 (0.3) 0.42

Artifacts

Signal drop 4.5 (0.5) 4.4 (0.8) 0.80

Bright spots and areas 4.5 (0.5) 4.6 (0.6) 0.77

Distortion 4.2 (0.7) 4.4 (0.9) 0.52

Nonweighted diffusion image Overall image quality 3.2 (0.6) 3.3 (0.6) 0.78

Contrast component

Cortical 3.1 (0.4) 3.4 (0.6) 0.23

Subcortical 3 (0.4) 3.5 (0.5) 0.01

Cerebellum 3 (0.6) 3.6 (0.5) 0.03

Artifact

Susceptibility 3.5 (0.4) 3.9 (0.6) 0.82

Distortion 3.8 (0.7) 3.9 (0.5) 0.07

FA-map Completeness of representation 3.5 (0.5) 3.6 (0.5) 0.77

Artifact

False positives 3 (0.8) 3.1 (0.8) 0.52

AF Completeness of representation 3 (0.7) 3.1 (0.8) 0.57

Artifact

False positives 3.2 (0.9) 3.3 (0.9) 0.83

CST Completeness of representation 3.1 (0.8) 3.8 (0.5) 0.04

Artifact

False positives 3.3 (0.8) 3.5 (0.9) 0.77

Note: p values in bold indicate a significant result (p < 0.05). The Wilcoxon signed-rank test would result in NA if there is no variability between the

compared data points.

Abbreviations: AF, arcuate fasciculus; ASL, arterial spin labeling; CST, corticospinal tract; FA, fractional anisotropy; T1w, T1-weighted; T2w, T2-weighted.
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The most pronounced advantage of the setup with four RF coils, compared with the one with two, for imaging was evident in the

nonweighted diffusion image map of the cerebellum (two RF coils mean = 3.0 ± 0.55, four RF coils mean = 3.57 ± 0.51, p = 0.03), subcortical

volumes (two RF coils mean = 3.0 ± 0.39, four RF coils mean = 3.5 ± 0.52, p = 0.01). Further, reconstructions of the CST were evaluated as more

complete based on images acquired with four RF coils compared with the two RF coils setup (two RF coils mean = 3.07 ± 0.83, four RF coils

mean = 3.64 ± 0.5, p = 0.04).

Both neuroradiologists indicated that nonweighted diffusion images acquired in the two RF coils setup were rated lower because they

appeared “blurry” compared with the images acquired in the four RF coils setup, which were rated higher. Susceptibility artifacts were also rated

lower in the nonweighted diffusion images acquired in the four RF coils (two RF coils mean = 3.50 ± 0.65; four RF coils mean 3.95 ± 0.48).

Interobserver agreement for all sequences was fair for both the images acquired with the two and four RF coils, with Cohen's kappa κ = 0.22

and κ = 0.18, respectively. The raters reported the same score in 66% of cases.

3.2.3 | Advanced ioMRI quantification

Quantitative maps of dMRI data could be generated with sufficient SNR (absolute WM SNR two RF coils: 21.9 ± 13.8, four RF coils: 19.4 ± 14.0).

Averages of the dMRI metrics FA and MD did not differ statistically significantly between the setups with two and four RF coils in the CST and

AF tracts. The standard deviations of these dMRI metrics decreased consistently, yet marginally, in the four RF coils setup. Similarly, quantified

ASL CBF maps could be generated with sufficient SNR (absolute GM SNR two RF coils: 3.17 ± 2.07, four RF coils: 2.49 ± 1.42). Mean

quantified ASL CBF did also not differ statistically significantly between both setups in left (two RF coils: 47.6 ± 10.4, four RF coils: 50.7

± 8.36 mL/100 g/min) or right GM (two RF coils: 47.2 ± 9.74, four RF coils: 49.7 ± 6.96 mL/100 g/min). The standard deviation of ASL CBF

decreased in the four RF coils setup.

4 | DISCUSSION

In this study, we found that we could quantify ASL CBF in the surgical prone position and that these values did not differ from the supine position

in any of the investigated ROIs or the whole brain. For this reason, we integrated the ASL sequence into our advanced pediatric ioMRI protocol.

We found that SNR and CNR were higher in the setup with four RF coils. Moreover, all T1w, T2w, ASL, and dMR images were rated as clinically

F IGURE 6 Example axial slices of the images measured with four RF coils in one subject. (A) T1-weighted image. (B) T2-weighted image.
(C) Qualitative arterial spin labeling (ASL) perfusion map. (D) Diffusion MRI fractional anisotropy (FA) weighted color-coded map. (E) Nonweighted
diffusion image (b = 0 s/mm2) map. (F) Reconstruction of corticospinal tract. (G) Reconstruction of arcuate fasciculus.
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acceptable or better and did not differ strongly between setups. A more substantial improvement in image quality of images acquired in the setup

with four RF coils was seen for the nonweighted multishell dMRI maps that also yielded reduced susceptibility artifacts and the CST reconstruc-

tions. Quantified dMRI FA, MD, and ASL CBF were similar in both setups, but the standard deviations of these measures decreased in the setup

with four RF coils.

To the best of our knowledge, the current study is the first to describe the effect of the surgical prone position on the quantification of ASL

in the literature. Despite a difference in orientation and rotation of ASL-labeled arteries in the prone position, the measured ASL efficiency

remained within the range of Chen et al.14 This result supports the accuracy of our ASL CBF quantification.32 Nevertheless, some lower-located

brain regions showed slightly reduced ASL CBF in the prone position, which was potentially attributed to a weaker signal picked up in these

regions by the 32-channel head coil due to the experimental prone position. This could have impacted the measurement accuracy. However,

these discrepancies in ASL CBF between positions disappeared in the setup with two RF coils. Moreover, in this study we were unable to study

the effect of anesthesia on the ASL CBF measurements.33 However, this effect can be mitigated when performing preoperative and

intraoperative ASL CBF measurements under the same anesthetics on the day of surgery. Consequently, we recommend comparing ASL CBF

values obtained intraoperatively within the same patient, rather than between different patients.

Our developed advanced ioMRI protocol with four RF coils did indeed yield higher SNR and CNR; this, however, was only marginally

translated to improved image quality. Potentially, the difference between acceptable and better image quality was too subjective or small to be

accurately determined by visual comparison. This might have indirectly introduced a bias that could have influenced the fair interobserver

agreement. Alternatively, the increased SNR has reached a threshold, after which a further increase in SNR does not result in higher image quality.

Nevertheless, both protocols were rated at least clinically acceptable, which confirmed our expectation of valid use of advanced MRI sequences in

the surgical setting.11 The increased number of RF coils did reduce artifacts in the images, which was best seen in the dMRI-derived images. These

images showed fewer susceptibility artifacts with higher SENSE factors in the setup with four RF coils.16 This impact on EPI images could be par-

ticularly beneficial in mitigating artifacts induced by fixation head pins used with the DORO surgical head fixation frame when scanning patients.

Advanced ioMRI metrics also benefited from the increased signal and SENSE factor as their metrics showed lower standard deviations.32,34

This study has some limitations. First, the mimicked prone position was less comfortable than the supine position for the subjects. This dis-

comfort could have influenced the heart rate and blood pressure of subjects and, hence, the CBF measurements. However, we tried to mediate

this with short scan protocols in each position and extra cushioning. Moreover, in the intraoperative setting, this limitation does not occur as the

heads are fixated and the patient is anesthetized. Second, we were unable to evaluate the effects of the patient positioning and RF coils in our tar-

get population because of ethical considerations under Dutch law when scanning children. Nonetheless, we expect that the results in children

would be similar to those observed in our included healthy adult study population. Third, the spatial overlap, for maximum decoupling, of the

neighboring RF coils has been a priori determined, but in vivo, we cannot rule out that some variation in positioning has occurred. However, we

assume that this variation has a negligible effect on the SNR and SENSE possibilities. Fourth, in theory, the SNR and g-factor would further

increase with more than four RF coils.16,35 However, in neurosurgical practice, this would not fit with the current DORO surgical head fixation

frame that is used. Alternatively, the NORAS head-frame with eight integrated receive channels3 could yield even higher SNR than our setup with

four RF coils. However, the advantage of the DORO frame that we used in our setup is that it offers more surgical flexibility. Fifth, the generaliz-

ability of our findings could be affected by the small sample sizes; this is, however, mitigated by the use of paired statistical tests. The

generalizability could also be affected by using two interface boxes to mimic an interface box with four sockets for RF coils that is not yet com-

mercially available. Nevertheless, the generalizability will improve once this interface box with four sockets becomes available. Moreover, it is

worth noting that single-channel RF coils are provided by all MR vendors.

In the future, we would like to analyze advanced MRI data of children who undergo brain tumor surgery to understand the effect of the

mechanical manipulation on their brains.3–5 Our validated ASL protocol in the prone position could be used for intraoperative CBF management

to help identify brain regions at risk. This could guide neurosurgeons to make informed decisions during the procedure.6 Our developed multishell

dMRI protocol, which the neuroradiologists have approved, can be used to update the fiber tractography. Such an update could prevent surgery-

associated neurological deficits.2,7–9 Lastly, the four RF coils with additional SNR and increased SENSE factors could also reduce the scan time,

instead of further improving image quality. Minimizing the MRI acquisition time of patients under anesthesia is important for their recovery after

surgery.36

Taken together, this work has investigated practical use of advanced ioMRI during pediatric neurosurgery. We concluded that ASL CBF

quantification in the surgical prone position is valid. Moreover, ASL and multishell dMRI acquisition during surgery is possible with two RF

coils. With just four RF coils, the SNR already increased over the typical two RF coils setup and these advanced MR sequences became less

sensitive to artifacts.
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