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a b s t r a c t 

Susceptibility-induced static field (B 0 ) inhomogeneity near the nasal cavity degrades high-field MRI image quality. 

Many studies have addressed this problem by hardware- or sequence-based methods to improve local B 0 shimming 

or minimize the impact of inhomogeneity. Here, we investigate the feasibility of the head-tilted brain scan as an 

easily accessible way to reduce B 0 inhomogeneity and associated gradient echo signal loss in the prefrontal cortex 

(PFC). We exploit the fact that the region of intense local B 0 gradient can be steered away from the PFC by head 

reorientation with respect to the main magnetic field. We found that the required chin-up head tilting by a 

substantial angle ( > 30°) can be readily achieved for a group of healthy subjects when their back was raised 

by about 10 cm. Eleven subjects were scanned at 3T, using a standard 20 channel head-neck coil, for whole- 

head B 0 mapping and gradient-echo EPI-based functional MRI (fMRI) performing a reward-punishment task in 

normal and tilted head orientations. Additionally, multi-echo gradient echo and resting-state fMRI scans were 

performed on six subjects in both orientations. Head-tilted sessions, which lasted for at least 20 min, were well- 

tolerated by all subjects and demonstrated a marked reduction of localized signal loss in the gradient echo-based 

images and EPI images in the PFC compared to normal orientation scans. Imaging in tilted orientation reduced 

the group-averaged B 0 standard deviation and peak B 0 gradient in the orbital gyrus beyond what was possible 

with simulated 3rd order shimming. The behavioral performance in the head-tilted fMRI scans indicated that the 

subjects were able to perform a cognitive task with little difficulty, and the tilted fMRI scans successfully produced 

a robust whole-brain functional activation map consistent with the literature. Our study proposes that the back- 

raised, head-tilted imaging can benefit the shimming of the prefrontal brain regions while being compatible with 

moderate-length neuroimaging scans on healthy, cooperating subjects. 
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. Introduction 

In high-field MRI, tissue-air susceptibility difference at the bound-

ries of the sinus and nasal cavities creates static-field (B 0 ) inhomogene-

ty that degrades the image quality in the nearby brain regions. Measure-

ents ( Cusack et al., 2005 ) indicate that the susceptibility-induced B 0 

radient in the prefrontal cortex (PFC) directly above the nasal cavity

s on the order of 5 G/m ≈ 21 Hz/mm at 3T. With such a gradient, a

oxel of size 2 mm will completely dephase at an echo time (TE) of

4 ms in gradient-echo based imaging. While a short TE will mitigate

his, relatively long echo times are needed in, for example, T 2 
∗ contrast

maging, R 

∗ mapping, and phase-based local frequency shift measure-
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ents as in quantitative susceptibility mapping (QSM) ( Schweser et al.,

011 ; Yang et al., 2018 ). 

Gradient-echo signal loss due to intra-voxel dephasing in the local B 0 

radient cannot be recovered by post-processing alone. Several meth-

ds have been proposed to address the source of the loss, namely to

mprove local B 0 shimming, through (i) higher-order harmonic shims

 Clare et al., 2006 ; Kim et al., 2007 ), (ii) local shim coils ( Hsu and

lover, 2005 ; Juchem et al., 2010 ), and (iii) local passive shimming

 Cusack et al., 2005 ; Yang et al., 2011 ). While helpful, these shim ap-

roaches often require additional hardware that is not routinely avail-

ble. Dynamic slice-by-slice shim ( Sengupta et al., 2011 ) allows low-

rder shim coils to effectively shim higher-order fields one slice at a

ime, but such a scheme is limited to two-dimensional scan sequences.
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Fig. 1. Simulated B 0 maps around a sphere (A) and in a human head model (B), 

for different orientations of the main magnetic field (B app = 3T). (C) Dependence 

of the B 0 gradient on the main-field orientation. Dashed black line indicates the 

z-directional (defined in the subject’s coordinate system) gradient at the location 

of the white dot in (A). Red and blue traces indicate the maximum gradient 

magnitudes in the rectangular region of interest marked by black dotted lines 

in (A), and an ellipse in (B). (D) Standard deviation of B 0 in the same regions of 

interest. 
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n fMRI, the signal in the orbitofrontal region is sometimes recovered by

 ‘z-shim’ technique ( Constable, 1995 ) that specifically targets B 0 gradi-

nt in the slice direction. However, such a technique increases the scan

ime depending on the number of compensated slices ( Du et al., 2007 ).

It has been noted early on that B 0 inhomogeneity due to the nasal

avity has significant head orientation dependence with respect to the

ain field, and chin-up head tilting improves B 0 homogeneity in the PFC

 Heberlein and Hu, 2001 ). Tyszka and Mamelak (2002) experimentally

easured regional and whole-brain B 0 standard deviations at head pitch

ngles in the range of ± 30°, to find significant decrease of B 0 variation

linewidth) in the PFC as the angle increased. In non-human primate

maging, scans in a ‘sphinx’ position was recommended based on favor-

ble B 0 profiles in the head ( Valette et al., 2006 ). To our knowledge,

here are few reports on translating B 0 homogeneity improvement by

ead reorientation to standard human neuroimaging scans. This con-

rasts with the extensive literature on applications of sequence- and

ardware- based shimming strategies to human fMRI in the orbitofrontal

ortex ( Constable and Spencer, 1999 ; Deichmann et al., 2003 ; Du et al.,

007 ; Glover, 1999 ). One reason for this, presumably, is the perceived

ifficulty of maintaining an unconventional head orientation inside a

onventional, cylindrical-bore scanner. Any benefit of increased B 0 ho-

ogeneity has to be balanced against the potential complexity in subject

andling. On the other hand, if an acceptable subject handling workflow

an be devised to facilitate head-tilted imaging, and if such imaging of-

ers clear improvements in B 0 homogeneity and image quality, the ad-

antage of being able to recover signal in the prefrontal cortex without

sing special hardware, modified sequences, or additional scan time,

ould be appealing. 

The purpose of this study is twofold. First, we report that by elevat-

ng the subject’s torso and letting the head drop into a standard clam-

hell type array coil, an anterior-posterior head-tilt angle up to and in

xcess of 45° is readily achievable and can be maintained for a mean-

ngful (20 min or more) neuroimaging scan session. This was the case

or a group of seventeen healthy subjects recruited in our study. In par-

icular, eleven subjects participated in and completed task-based fMRI

cans without being severely distracted by the new position. Second, we

eport that the previously published ( Tyszka and Mamelak, 2002 ) B 0 ho-

ogeneity improvement with increased head pitch angle continued well

ast 30° to greatly reduce intravoxel dephasing near the nasal cavity at

n angle as large as > 50°. The B 0 improvement made a direct impact

n signal recovery in EPI and multi-echo gradient echo scans. Over-

ll, we found that for the subject group and scanner environment used,

ead-tilted brain imaging was practical and beneficial for the tested neu-

oimaging scans. 

. Theory 

Inside an MRI magnet, the tissue-air boundary of the nasal cavity

ecomes a surface of discontinuity in magnetization whose direction is

et by the applied magnetic field (B app ). The secondary magnetic field

aused by such magnetization, therefore, depends on the orientation

f B app with respect to the cavity. This can be illustrated by a simple

eometrical model ( Fig. 1 A). Here, a sphere with a positive relative sus-

eptibility ( + 9 ppm) models an air cavity inside a uniform diamagnetic

aterial crudely representing the tissue in the head. The magnetic field

ector induced by the sphere and its projection along B app (which is

hat matters in MRI) rotates with B app , parameterized by an angle 𝜃. In

ig. 1 A, this means that a region of interest (ROI) fixed in the subject’s

rame of reference (black dotted rectangle) will see strongly 𝜃-dependent

 0 patterns. For example, the sphere-induced field along the B app di-

ection is zero on a cone that makes 54.74° (magic angle) with B app .

his observation suggests that change of relative orientation between

he nasal cavity and the main magnetic field can significantly alter the

 0 distribution in the prefrontal cortex ( Heberlein and Hu, 2001 ). In

articular, head tilting close to the magic angle may greatly reduce the

 0 gradient in the region (black dashed and red lines in Fig. 1 C). 
. Materials and methods 

.1. Simulation 

A voxelated human head-and-neck phantom was extracted from the

xtended cardiac-torso (XCAT) model ( https://olv.duke.edu/industry-

nvestors/available-technologies/xcat/ ) ( Segars et al., 2010 ) at 1 mm

sotropic resolution. The model was simplified to a binary susceptibility

ask, with all the tissue types given a susceptibility of − 9 ppm, while

ll the other voxels were set to 0 ppm. While simplified, this model

aptures the main aspect of B 0 disturbance caused by the tissue-air in-

erface. The susceptibility-induced B 0 maps for different applied field

irections were calculated with an in-house developed code based on

usceptibility voxel convolution ( Jenkinson et al., 2004 ; Yoder et al.,

004 ; Lee et al., 2018 ). The method computes B 0 from circular con-

olution between the susceptibility map and a voxel-integrated dipolar

eld kernel. This method is known to avoid Gibbs ringing ( Cheng et al.,

009 ; Lee et al., 2018 ), which is important for B 0 gradient calculation

s is done in this work. In the model calculation, the applied field di-

ection was changed by rotating it anteriorly in the sagittal plane by a

ositive angle 𝜃. The relative orientation change between B app and the

ead corresponds to chin-up head tilting in an MRI scan. All numerical

alculations were performed in Matlab (MathWorks, Natick, MA, USA).

.2. Scan 

All scans followed a human study protocol approved by the Insti-

utional Review Board (IRB) of Sungkyunkwan University. The healthy

ubjects were recruited and scanned in a 3T scanner (Magnetom Prisma,

iemens Healthineers, Erlangen, Germany). The scanner was equipped

ith full 2nd order shim coils which were utilized to shim B 0 in the

ead at the start of each scan session. Eleven subjects (5 males, 6 fe-

ales, age range = 19–28) participated in B 0 mapping and task-based

MRI scans (Experiment 1). In addition, six subjects (3 males, 3 females,

ge range = 21–32) were scanned with multi-echo gradient echo and

esting state fMRI sequences (Experiment 2). These subjects had a nor-

al or corrected-to-normal vision and were monetarily compensated for

https://olv.duke.edu/industry-investors/available-technologies/xcat/
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Fig. 2. Sagittal T 2 -weighted images of a subject with low (A, 5 cm) and high 

(B, 12 cm) back support paddings. With higher padding, larger head tilt angles 

(52° vs. 47° in this example) could be obtained with less neck strain. These 

images were obtained with a 20 channel head-neck coil and a 24 channel spine 

coil. 
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heir participation. The scan parameters for both experiments are listed

n Table 1 . 

The imaging FOV was manually placed on a sagittal localizer image

uch that the base of the rectangular FOV was approximately parallel to

he inferior boundary of the prefrontal cortex. For the head-tilted scans,

hen the FOV was prescribed more than 45° rotated from the default

rientation, the nominal scan plane switched automatically from axial to

oronal. This was not a problem as long as the phase encoding direction

as kept consistent between the normal and head-tilted scans. 

All scans used the standard, vendor-provided head-and-neck coil

ith 20 receiver channels. The coil had a clam-shell design with de-

achable posterior and anterior halves. The posterior half was firmly

lugged into the patient table with no flexibility; all the head orienta-

ions reported here were within the confine of the fixed interior space

f the coil housing. The inside dimensions of the coil where the head

as placed were 23 and 25 cm in the left-right and anterior-posterior

irections, respectively. 

.2.1. Subject handling 

Each subject was scanned in two head orientations — normal and

ilted — in separate sessions, with scan orders counter-balanced. In each

ession, the subject maintained the head orientation for at least 20 min-

tes. In a normal orientation scan, the subject kept a conventional, head-

rst supine position with a direct upward-gazing head posture, with a

 cm thick foam pad placed under the back of the head. In a head-tilted

can, the subject’s torso was elevated 10–12 cm using flat foam pads

 Fig. 2 ). With the back on the padding, the subject dropped his/her head

nto the posterior half of the clam-shell coil, lightly touching the hous-

ng’s bottom via a thin (5 mm) foam pad. This arrangement naturally

nduced a chin-up head posture where the subject’s line of view was at

bout 45° from the vertical direction toward the back of the scanner.

o prevent motion, paddings were applied liberally under the neck, on

he cheeks, and between the forehead and the coil housing. The head-

ilt angle was adjusted to allow the subject’s elevated chin to stay clear

rom or gently touch the opening portion of the coil housing. 

In our setup and experience, the chin-coil interference limited the

aximum head-tilt angle. No attempt was made to impose a precise or

redetermined tilt angle. Our procedure resulted in tilt angles in the

ange of 28° to 53° (mean 43.24°), relative to each subject’s respective

ormal orientation. All subjects had a clear view to a screen at the end of

he bore, via a mirror making an appropriate angle (45° and 20° for nor-

al and head-tilted scans, respectively) with respect to the horizontal
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lane. The visual stimuli for fMRI scans were projected from the back of

he scanner onto the screen, from a Propixx projector (VPixx Technolo-

ies, Saint-Bruno, Canada) (1920 × 1080 resolution, 1440 Hz). After

he scan, all subjects were asked to rate their level of comfort during

he two scan sessions on the scale of 1 (very uncomfortable) to 5 (very

omfortable). 

.2.2. Experiment 1 

Eleven subjects underwent a set of scans in each head orienta-

ion: B 0 mapping, T 1 -weighted magnetization-prepared rapid gradient

cho (MPRAGE), and 2D gradient echo EPI-based functional MRI scans

ith a probabilistic reversal learning task. The task, modified from

’Doherty et al. (2001) , was implemented as the reward-punishment

ocalizer task during fMRI scans. This paradigm was used because pre-

ious findings ( O’Doherty et al., 2001 ) reported consistent activation

ithin the ventro-medial prefrontal cortex (vmPFC), during the presen-

ation of monetary rewards, compared to monetary loss. On each trial,

wo-colored fractal stimuli were presented side by side in the middle

f the screen for 2 s and were followed by a 1 s period of the blank

creen. The images were randomly assigned to be a correct or incorrect

hoice; making a correct choice elicited monetary reward 80% of trials

nd monetary punishment 20% of trials, and vice versa for an incorrect

hoice. Subjects were instructed to make a binary choice on the correct

timulus using a button press, during a 2 s period of stimuli presentation.

hen subjects made a correct choice, it was more likely to be followed

y an image of 500 KRW appearing on the screen for 4 s (‘reward’ tri-

ls), and when subjects made an incorrect choice, it was more likely

o be followed by an image of 500 KRW with a red X sign appearing

n the screen for 4 s (‘punishment’ trials). There was 1 s intertrial in-

erval. The contingency associated with the images was reversed when

he subjects made correct choices for three consecutive trials. Subjects

ere unaware of the exact probabilities and rules of reversal but were

nstructed to adjust their strategy on a trial-by-trial basis. Each run con-

isted of 40 trials, lasting 5 min 24 s. Two runs were performed in each

rientation session. Stimulus presentation and response recording were

ontrolled with Matlab and Psychtoolbox ( Brainard, 1997 ; Pelli, 1997 ).

.2.3. Experiment 2 

Six subjects underwent the following set of scans in each head ori-

ntation: multi-echo gradient echo, T 1 -weighted MPRAGE, and a single

un of 2D gradient-echo EPI-based resting-state fMRI. The fMRI scan

asted for 13 min 40 s. The subjects were instructed to keep their eyes

pen at all times and to fixate at the center of the screen. 

.3. Data analysis 

Preprocessing, image registration and analysis were performed with

SL ( Jenkinson et al., 2012 ), AFNI ( Cox, 1996 ), and Matlab. 

.3.1. B 0 map data analysis 

B 0 maps were obtained from the difference between the gradient-

cho phase images at two echo times (TE = 2.9 ms and 5.4 ms). B 0 

radient amplitudes were calculated from the vector sum of the nearest

eighbor differences in the three grid directions. To quantify the B 0 in-

omogeneity in the PFC, an ROI mask corresponding to the orbital gyrus

n the Brainnetome atlas ( Fan et al., 2016 ) was registered to the B 0 maps

f each subject in both orientations. The masks extracted from the nor-

alized brain space were reverse-transformed to each subjects’ native

rain space. Additionally, the brain mask for the B 0 map was eroded

y two pixels to avoid partial volume effect and unreliable phase val-

es near the boundary. The standard deviation of B 0 and the peak B 0 

radient, defined as the average of the top 1% B 0 gradient values (con-

isting typically of 20 voxels) in the ROI, were extracted for comparison

etween normal and tilted orientation scans. 

In order to investigate the extent to which the B 0 homogeneity is im-

roved by high-order volumetric shimming, the B 0 maps in the normal
ead orientation were fitted with spherical harmonic functions up to the

rd order (total 16 functions). The gradient and the standard deviation

f the residual (synthetically shimmed) B 0 maps were calculated within

he orbital gyrus mask as described above. 

.3.2. fMRI data analysis 

Both normal and tilted orientation EPIs were aligned to a normally-

riented T 1 -weighted image. Motion correction was applied with 6 lin-

ar degrees of freedom (3 rotation and 3 translation parameters). None

f the subjects showed severe head motion, thresholded at framewise

isplacement (FD) < 0.5 ( Power et al., 2012 , 2014 ). 

The temporally-averaged signal intensity (mean signal) and across-

ime variance of the signal (temporal SD) were extracted from each

oxel in multiple ROIs. The temporal signal-to-noise ratio (tSNR) was

omputed as the ratio of the mean signal to the temporal SD. The tSNR

f each voxel was then averaged within the ROIs of the orbital gyrus, a

V-shaped’ PFC, and the whole brain. The ‘V-shaped’ PFC refers to a typi-

al V-shaped hypointense region near the nasal cavity on the axial view

f normal orientation EPIs; it was manually masked to an individual-

pecific ROI and was applied to the spatially aligned, tilted EPIs. The

rbital gyrus mask was extracted from the Brainnetome atlas. Paired

 -tests were performed for each ROI to compare the mean signal, tem-

oral SD, and tSNR between the normal and tilted orientations, and the

 -values were corrected for the number of ROIs ( = 3) using the false dis-

overy rate (FDR). 

To compare the task-based fMRI activation maps from the head-tilted

cans with the normally positioned scans, we aligned the functional

PIs of all subjects in Experiment 1 to the MNI template brain. Spa-

ial smoothing was applied using a Gaussian kernel with full-width at

alf-maximum of 4 mm. The blood oxygenation level-dependent (BOLD)

ignals were normalized to the mean image intensity and linearly de-

rended. A generalized linear model (GLM) analysis was conducted on

he BOLD signal obtained during the period of time (4 s) when subjects

eceived monetary feedback; either ‘reward’ or ‘punishment’. The clus-

ers of voxels that showed a greater response to ‘reward’ compared to

punishment’ at group-level were reported. The analyses were thresh-

lded at p < .001 (uncorrected) with cluster size above 40 voxels. 

. Results 

.1. Simulation 

Fig. 1 B shows the simulated susceptibility-induced B 0 distribution

n the head at different applied field directions. As reported previously

 Heberlein and Hu, 2001 ; Tyszka and Mamelak, 2002 ), the region of

trong positive B 0 in the prefrontal region is pushed anteriorly as 𝜃 in-

reases. This is accompanied by the appearance of weaker, negative B 0 

ear the midbrain. Quantitatively, Fig. 1 C (blue trace) shows the maxi-

um B 0 gradient in the elliptical ROI drawn in Fig. 1 B, indicating about

0% reduction from 𝜃 = 0° to 50°. The standard deviation of B 0 in the

ame ROI is more than halved at 𝜃 = 50° ( Fig 1 D, blue trace) before

ventually turning upward as the negative B 0 enters the ROI. 

.2. B 0 map 

For all eleven subjects tested, B 0 homogeneity was clearly improved

n the PFC region. As an example, Fig. 3 A–C compares the 3-plane B 0 

aps at the two head orientations and the normal-orientation 3rd order

him simulation result for a representative subject. B 0 spatial variation

n the PFC in the tilted condition was greatly reduced compared to the

ormal condition. The head-tilted B 0 map exhibited slight degradation

f homogeneity in the occipital bone area, which is in agreement with

umerical simulation ( Fig. 1 B). Fig. 3 D shows the peak B 0 gradient val-

es in the orbital gyrus ROI at the two head orientations for all subjects.

n average, the peak B 0 gradient was reduced only by 2.7% in the 3rd

rder shim simulation, while it was reduced by 21% by head tilting.
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Fig. 3. (A–C). Measured B 0 maps at normal (A) and tilted (C) head orientations for subject 9 (tilt angle = 53°). The result of the 3rd order shim simulation is shown 

in (B). The solid gray lines in (A) indicate the orbital gyrus ROI boundary. The dashed crossing lines indicate the locations of the axial and coronal slices. (D-E). Plots 

of the peak B 0 gradient (D) and B 0 standard deviation (E) in the orbital gyrus at two head orientations for all subjects in Experiment 1. 
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ilted-head scan also resulted in substantial decrease (mean 27%) in B 0 

tandard deviation for all subjects ( Fig. 3 E), superior to the reduction

chieved by the 3 rd order shimming (5.1%). 

.3. Multi-echo gradient echo scans 

Fig. 4 A–B compares the multi-echo gradient echo magnitude im-

ges from a representative subject. Even at the high-resolution of

.53 × 0.53 × 0.8 mm 

3 , the susceptibility-induced signal dropout and

mage quality degradation in the PFC region are clear for the normal

rientation scan at TE = 32 and 42 ms. The artifacts are largely re-

oved in the head-tilted scan ( Fig 4 B), where images at different TEs

xhibit more consistent image qualities compared to the normal orien-

ation scan. The R 2 
∗ maps reconstructed from the magnitude images in

ach orientation are shown in Fig. 4 C and D. As expected, strongly in-

ated R 2 
∗ values are apparent in the signal drop-out region (red line

n Fig. 4 C). Fig. 4 E presents the TE-dependent signal decay in the cor-

esponding regions in both orientations for all subjects in Experiment

. It is apparent that head tilting successfully suppressed abrupt signal

rop-outs in later echoes, enabling more reliable R 2 
∗ measurements.

he mean ± standard deviation (across the subjects) of R 2 
∗ in the sig-

al drop-out region was 51.7 ± 6.4 (normal) and 17.3 ± 1.9 (tilted). A

ignificant difference between the orientations was observed in a paired

-test. ( p = 0.00015) 

.4. Functional MRI 

.4.1. Comfort survey, head motion, and behavioral task performance 

All subjects reported that normally positioned scans were more com-

ortable than head-tilted scans for both Experiment 1 (scores for normal:

.58 ± 0.51, tilted: 2.75 ± 0.62) and Experiment 2 (normal: 4.67 ± 0.52,

ilted: 3.50 ± 0.84, reported on a scale of 1 to 5) (see Supplementary

able S1 for details). In addition to the possible neck strain, additional
estraining pads under the neck and above the head, possible contact be-

ween the chin and the coil housing, and reduced room for hand and arm

ovement due to the elevated torso may have contributed to the dis-

omfort in the head-tilted scan. None of the subjects, however, reported

evere discomfort (scale 1, ‘very uncomfortable’), nor stopped the scan

uring the head-tilted scan. The amount of subjects’ head motion was

ompared between the two orientations. For all 6 motion parameters,

ess head motion was observed during the head-tilted scan compared to

he normal orientation scan in task-based fMRI (all FDR- p s < .0001; Sup-

lementary Table S2). A similar decrease in motion for the head-tilted

can was also observed in rest fMRI, though it did not survive multiple

omparisons correction (all FDR- p s < .31). Such a decrease is presum-

bly due to added padding around the head during the head-tilted scan.

We have also examined whether the behavioral task performance in

he tilted orientation scan was comparable to the normally positioned

can. Interestingly, we observed an increase in subjects’ task perfor-

ance during the tilted scans. The percentage of receiving reward in-

reased from 49.8% in the normal orientation scan to 55.7% in the tilted

can ( t (10) = 4.81, p < .001). The average reaction time (RT) for the trial-

y-trial binary choice of the stimulus was faster in the tilted, compared

o the normal orientation scan ( t (10) = 4.70, p < .0001). The results

uggest a possibility that the subjects remained more alert to the task

uring the head-tilted scan compared to the normal scan. These obser-

ations are compatible with our hypothesis that the head-tilted posture

as not overly distracting nor stressful to the subjects when performing

ognitive tasks. 

.4.2. EPI tSNR improvement in the PFC region 

Fig. 5 shows the axial and sagittal views of a single subject’s EPI.

he benefit of the head-tilted scan ( Fig. 5 B) is clearly appreciable from

he disappearance of a characteristic ‘V-shaped’ signal loss in the infe-

ior part of the prefrontal region in normal orientation EPI ( Fig. 5 A).

sing a mask manually drawn on each subject similar to the one shown



S. Yoo, H. Song and S.-G. Kim et al. NeuroImage 223 (2020) 117265 

Fig. 4. Comparison of multi-echo gradient echo magnitude 

images on an exemplar subject of Experiment 2 (tilt an- 

gle = 44°). Two axial slices (slice 15 and 22), 7 mm apart, 

are shown at TE = 12, 22, 32, and 42 ms for normal (A) and 

tilted (B) orientation scans. Signal loss (white arrows) and im- 

age quality degradation (yellow arrows) are clear for TE = 32 

ms and 42 ms in (A). (C) and (D) show the normal and tilted 

orientation R 2 
∗ maps on slice 22. The decay of the mean sig- 

nal intensity in the regions marked by the red (C) and blue (D) 

lines for both orientations is shown in (E) with thick red and 

blue lines, respectively. The corresponding decay curves for all 

other (five) subjects are indicated in thin lines. 

Fig. 5. The EPI intensities of an exemplar subject in normal (A) and tilted (B) 

orientations displayed on the same grey scale (tilt angle = 52°). The locations 

of the 4 axial slices are indicated in green lines on the sagittal images on the 

right. The ‘V-shaped’ regional mask was drawn manually to indicate an area 

that shows signal loss in the prefrontal cortex (red contour). The characteristic 

‘V-shaped’ region of signal loss in the normal orientation scan is not seen in the 

head-tilted scan. 
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n Fig. 5 B, we found that the mean signal (averaged over the subjects)

ignificantly increased in the tilted orientation compared to the normal

rientation in both task fMRI ( t (10) = 8.01, FDR- p < .0001; Supplemen-

ary Fig. 1A) and rest fMRI ( t (5) = 14.86, FDR- p < .001; Supplementary

ig 1B). Furthermore, the temporal SD decreased in the tilted orienta-

ion compared to the normal orientation, in task fMRI ( t (10) = 5.78,

DR- p < .001; Supplementary Fig. 1C). The decrease was also observed,

lbeit to a lesser degree, in rest fMRI ( t (5) = 1.73, FDR- p = .354; Sup-

lementary Fig. 1D). Consequently, the tSNR in the masked PFC region

howed strong improvement in the head-tilted compared to the normal

ondition for both task fMRI ( t (10) = 14.42, FDR- p < .0001; Fig. 6 B)

nd rest fMRI ( t (5) = 7.92, FDR- p < .01; Fig. 6 C). We observed no dif-
erence in tSNR across the whole brain mask (task fMRI: t (10) = 0.05,

DR- p = .964; rest fMRI: t (5) = 0.86, FDR- p = .429). In the orbital gyrus,

he tSNR showed a trend of increase in the tilted compared to the nor-

al orientation scans for both task fMRI ( t (10) = 1.25, FDR- p = .361)

nd rest fMRI ( t (5) = 1.34, FDR- p = .357), though not to a significant

egree. Our observation indicates that the improved B 0 homogeneity

n the orbitofrontal region by head tilting translates to significant local

nhancement of tSNR of EPI in the PFC region. 

.4.3. fMRI activation 

We examined whether we could observe comparable modulation of

OLD responses across different head orientations while a cognitive task

s performed. Using GLM, we identified regions that were significantly

ctivated by rewards compared to punishments as subjects participated

n the probabilistic reversal learning task. For the head-tilted scan, clus-

ers of voxels within the left posterior cingulate cortex (PCC) [ + 4.9

 43.8 + 40.6], bilateral precuneus (PreCu) [ + 0.5 + 66.8 + 27.6], bilat-

ral medial frontal gyrus (mFG) [-2.4 -55.3 -8.4], and bilateral anterior

ingulate cortex (ACC) [ + 0.4 -41.7 -6.2] were significantly more acti-

ated when receiving rewards compared to receiving punishments (un-

orrected p < .001, cluster size > 40; Fig. 7 C). The previous findings that

sed the same experimental paradigm and analyses were replicated in

he head-tilted fMRI ( Fig. 7 A; Bray et al., 2010 ; O’Doherty et al., 2001 ).

ctivation in the frontal region was also replicated in normal orien-

ation fMRI. Our finding suggests that the head-tilted scan is not only

mplementable during task fMRI but also capable of producing reliable

xperimental results. 
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Fig. 6. Temporal signal-to-noise ratio (tSNR, averaged across the subjects) of the EPI images. (A) Regional masks used to calculate tSNR. The ‘V-shaped PFC’ mask 

shows the voxels that were manually selected in more than half of the subjects in Experiment 1. (B,C) The tSNR of the ‘V-shaped PFC’ region was higher in the 

head-tilted compared to the normally oriented condition in both task (B) and rest (C) fMRI ( p < .05, corrected for multiple comparisons using false discovery rate 

(FDR)). 

Fig. 7. Task-based functional MRI results. (A) Reward vs. punishment contrast reported in a previous study that used a probabilistic reversal learning task ( p < .001). 

Adapted from Bray et al. (2010) with permission. mOFC, medial orbitofrontal cortex; vmPFC, ventromedial prefrontal cortex. Reward vs. punishment contrast in 

the normal (B) and tilted (C) orientation scans of the current study where the same probabilistic reversal learning task was used ( p < .001, cluster size > 40 voxels, 

N = 11). 
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. Discussion 

We have tested the feasibility of head-tilted brain imaging as a means

o reduce the susceptibility-induced B 0 gradient and gradient-echo sig-

al loss in the PFC. We have confirmed earlier reports ( Heberlein and

u, 2001 ; Tyszka and Mamelak, 2002 ) that increasing the head pitch

ngle improves B 0 shimming in the PFC and demonstrated that this

ranslates into higher image quality in multi-echo gradient echo imaging

nd EPI without any modifications to the hardware, sequence, and post-

rocessing. We found that raising the subjects’ back by 10 cm or more

reatly facilitates implementation of large-angle head tilting, resulting

n all seventeen subjects recruited reporting acceptable scan experience

uring > 20 min head-tilted scan sessions, some including a cognitive

ask-driven fMRI scan. This leads us to believe that the proposed chin-

p head position was not overly distracting, and is probably usable in

ther functional and anatomical neuroimaging studies involving the or-

itofrontal region. 

Many authors have proposed methods to address the EPI signal

ropout in the orbitofrontal cortex through improved shimming. Com-

ared to other shimming methods targeting sinus/nasal cavity-induced

elds ( Cusack et al., 2005 ; Hsu and Glover, 2005 ; Juchem et al., 2010 ;

ang et al., 2011 ), the head-tilting method is unique in that it uses the

hape of the cavity-induced field itself to improve shimming. Such ap-

roach can potentially do a better job in compensating subject-specific

igh-order B 0 variations than shim coil-based approaches. We found

hat chin-up head tilting did not severely degrade shimming in other

egions of the brain. 

Our 20-channel head-and-neck coil provided acceptable signal-to-

oise ratio while accommodating relatively large head-tilt angles for the

ubjects scanned. While the design and tuning of the coil elements were

ost likely optimized for the best SNR in normal orientation scans, we

ound that the whole-head EPI tSNR did not differ significantly between

he tilted and normal conditions. On the contrary, the signal intensity
nd tSNR in the small orbitofrontal region vulnerable to signal loss in

onventional EPI were clearly enhanced when the head was tilted, an

ffect dominated by improved B 0 shimming and recovery of the signal

ear the nasal cavity in the head-tilted scans. This suggests that in the

uture, a custom-designed brain coil with flexible table mount could

otentially enable head-tilted imaging with better tSNR while increasing

he subject’s comfort, to benefit e.g., task-based fMRI focused on the

rbitofrontal region. 

Improved image quality for multi-echo gradient echo imaging and

PI in the orbitofrontal region should enable more accurate measure-

ents of R 2 
∗ and functional activation, respectively. It should be noted,

owever, that both R 2 
∗ and BOLD fMRI contrast in the brain are known

o depend on the orientation of the tissue and the blood vessels with

espect to the main magnetic field ( Kim and Ogawa, 2012 ). This means

hat the “true ” R 2 
∗ and BOLD contrast may differ between normal and

ead-tilted scans, making direct comparison of their measurements dif-

cult to interpret. Likewise, such orientation dependence makes it dif-

cult to compare the parameters among different subjects if they are

btained with different head tilt angles. For comparative studies, there-

ore, it is recommended that the tilt angle be controlled across the sub-

ects as much as practical. On the other hand, head-tilted imaging on a

iven subject at multiple angles could be used to study MR contrast

nisotropy, which can provide insight into the tissue microstructure

 Aggarwal et al., 2016 ). 

Our task-based fMRI results showed that all participants were able

o complete cognitive tasks without reporting severe discomfort with

ead tilting. Additionally, head-tilted scan resulted in significantly de-

reased head motion as well as improved cognitive task performance,

resumably due to an increased attentional focus as the participants

ere positioned in an unusual posture during the scan. Further, the ob-

erved BOLD activation pattern was comparable to the previous reports

 Bray et al., 2010 ). Overall, we found that the head-tilted brain scan

an be made compatible with standard behavioral and neuroimaging
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tudies, producing robust functional signals with benefits in PFC signal

ecovery. 

Our study had several limitations. First, the tilt angles were not pre-

isely controlled, and the angle dependence of the image quality was not

ystematically investigated. Instead, we focused on probing the salient

ifference between normal and head-tilted scans and investigated the

racticality of the latter. As a natural extension of the present study, it

s worthwhile to examine the shim and the tSNR improvement as a func-

ion of the tilt angle for individual subjects. Such study will be useful to

etermine the best trade-off between improved shimming and subject

omfort. Second, we have tested the head-tilted scan only with the ba-

ic multi-echo gradient echo and EPI sequences. While these sequences

ere chosen because of their widespread use in neuroimaging and in

ur institute, we believe that the improved B 0 homogeneity achieved

y head-tilting will benefit other B 0 -sensitive sequences as well, such

s those for the balanced steady-state free precession and spectroscopy.

n addition, phase-based quantitative imaging such as QSM ( Liu et al.,

009 ; Wang and Liu, 2015 ) is expected to benefit from reduced phase

raps in the PFC region in head-tilted scans. Finally, we have collected

ata from a relatively small number of volunteers who were young,

ealthy, and cooperating. Raising the torso and tilting back the head

ay not be compatible with scans on obese subjects or patients with

uscle stiffness. We do not envision that the proposed method could

e easily translated to the clinic; rather, we propose that the improved

himming by head tilting could help enhance certain normal-subject

euroimaging studies on a subset of the population. 

In conclusion, we have demonstrated that for the healthy volunteers

ested, back-raised and chin-up head-tilted brain imaging can provide

ubstantial benefits in B 0 shimming and gradient-echo signal recovery

n the PFC. Maintaining a tilt angle approaching the magic angle was

easible for at least 20 min with modest change in subject handling lo-

istics using a clinical head-neck array coil. The method can be used

ynergistically with conventional shim strategies, as well as sequence-

ased signal recovery techniques in gradient echo-based neuroimaging

cans. 
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