
Sensitivity to White Matter fMRI Activation Increases
with Field Strength
Erin L. Mazerolle1,2, Jodie R. Gawryluk1,2, Kim N. H. Dillen1,3, Steven A. Patterson1,4, Kirk W. Feindel1,5,6,

Steven D. Beyea1,4,5,7, M. Tynan R Stevens1,4, Aaron J. Newman2, Matthias H. Schmidt7,

Ryan C.N. D’Arcy1,2,7,8*

1 Institute for Biodiagnostics (Atlantic), National Research Council, Halifax, Nova Scotia, Canada, 2 Department of Psychology & Neuroscience, Dalhousie University, Halifax,

Nova Scotia, Canada, 3 Cognitive Neuroscience, Institute of Neuroscience and Medicine, Research Centre Juelich, Juelich, Germany, 4 Department of Physics, Dalhousie

University, Halifax, Nova Scotia, Canada, 5 School of Biomedical Engineering, Dalhousie University, Halifax, Nova Scotia, Canada, 6 Department of Pediatric Neurology, IWK

Health Centre, Halifax, Nova Scotia, Canada, 7 Department of Radiology, Dalhousie University, Halifax, Nova Scotia, Canada, 8 Department of Anatomy and Neurobiology,

Dalhousie University, Halifax, Nova Scotia, Canada

Abstract

Functional magnetic resonance imaging (fMRI) activation in white matter is controversial. Given that many of the studies
that report fMRI activation in white matter used high field MRI systems, we investigated the field strength dependence of
sensitivity to white matter fMRI activation. In addition, we evaluated the temporal signal to noise ratio (tSNR) of the different
tissue types as a function of field strength. Data were acquired during a motor task (finger tapping) at 1.5 T and 4 T. Group
and individual level activation results were considered in both the sensorimotor cortex and the posterior limb of the internal
capsule. We found that sensitivity increases associated with field strength were greater for white matter than gray matter.
The analysis of tSNR suggested that white matter might be less susceptible to increases in physiological noise related to
increased field strength. We therefore conclude that high field MRI may be particularly advantageous for fMRI studies aimed
at investigating activation in both gray and white matter.
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Introduction

Despite recent reports of white matter functional magnetic

resonance imaging (fMRI) activation [1–15], the ability to detect

fMRI signal changes in white matter remains controversial

[15,16]. White matter fMRI activation may be smaller in

magnitude than gray matter activation [6,12,14], which could

make detection more difficult. In fact, many of the studies

reporting white matter fMRI activation have used 3 T or 4 T

magnets [1,4–8,13,14]. For gray matter, high field MRI offers

inherently increased sensitivity to fMRI activation [17–31].

Increased field strength improves sensitivity to fMRI activation

in two ways. First, the signal to noise ratio (SNR) is proportional to

field strength [32,33]. Second, the strength of the magnetic field

perturbations produced by susceptibility differences is proportional

to the strength of the applied field. In this way, blood oxygen level

dependent (BOLD) contrast (which depends on susceptibility

differences caused by the relative concentration of diamagnetic

oxygenated hemoglobin and paramagnetic deoxygenated hemo-

globin) is improved at higher magnetic fields [17,32]. Increased

fMRI contrast allows for improved sensitivity to brain activity (i.e.,

higher z-scores). There is considerable experimental evidence of

field strength dependent sensitivity increases in gray matter

[18,19,21–27,30,31,34]. However, due to the widespread avail-

ability of clinical MRI systems, a large proportion of fMRI studies

have historically been performed at 1.5 T [22,23,25], which may

contribute to the overall scarcity of reports of white matter fMRI

activation.

To evaluate the effect of field strength on sensitivity to white

matter fMRI activation, we compared white matter activation

during a finger tapping task at 1.5 T and 4 T. A similar task has

previously been used to elicit white matter fMRI activation in the

internal capsule at 4 T [7]. In addition to activation results, we also

examined temporal signal to noise ratio (tSNR) as a function of

tissue type and field strength, as this metric has been linked to

successful detection of fMRI activation (e.g., [35]).

Methods

Ethics Statement
The research protocol was approved by the National Research

Council’s Ottawa Research Ethics Board and the Capital District

Health Authority Research Ethics Board. Each participant

provided written informed consent prior to participation and

received compensation for participating.
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Participants
Data from seven healthy participants (four females) were

analyzed. The mean age (6 standard deviation) of the participants

was 24.563.5 years. All participants were right handed as assessed

by the Edinburgh Handedness Inventory [36], and had normal or

corrected-to-normal vision.

Task
The task was based on a previous study in which internal

capsule and sensorimotor cortex activation was observed at 4 T

[7]. E-Prime (Psychology Software Tools, Inc.) was used to present

stimuli, which were back-projected onto a screen mounted inside

the magnet bore, and viewed through a mirror mounted on the

head coil. Participants performed eight blocks of visually cued

sequential finger tapping. Finger tapping was performed such that

the participant used his or her thumb to touch each of the fingers

in sequence. Specifically, the participant viewed black circle

outlines on a white background. The circles were numbered one to

four, and the participant was instructed that each circle

represented a finger (e.g., ‘‘1’’ = index finger). The circles were

filled with red briefly and sequentially to indicate which finger the

participant should touch with his or her thumb. Participants

tapped their fingers at a frequency of 2 Hz. The participant

performed the tapping for the right and left separately (four blocks

of each hand). The hand to be used for the tapping in a given

block was presented on the screen immediately before the

beginning of the block (‘‘LEFT HAND’’ or ‘‘RIGHT HAND’’).

Hand order was pseudo-random, with no more than two blocks of

the same hand in a row. Each tapping block was 20 s in duration,

interleaved with 20 s rest blocks.

MRI Acquisition
All participants were scanned at both 1.5 T and 4 T. The 1.5 T

MRI was a General Electric system with an eight channel head

coil. The 4 T MRI used an Oxford magnet, with gradients

provided by a body coil (Tesla Engineering Ltd.), a Varian

INOVA console, and a transverse electromagnetic (TEM) head

coil for transmit/receive (Bioengineering Inc.).

Scan order was randomized across participants. Participants 2,

3, 4, and 5 were scanned in the 1.5 T first. Both scans took place

within one week for all participants. Whole-brain functional

images were collected with a T2*-weighted, single-shot spiral out

sequence with the following parameters: TR = 2 s, flip angle = 90u,
field of view = 2406240 mm2, 64664 matrix, and 22 5 mm slices

with a 0.5 mm slice gap. An echo time of 40 ms was used at 1.5 T,

and an echo time of 15 ms was used at 4 T to compensate for the

shorter T2* at higher fields. A high resolution T1-weighted

anatomic image was collected at each session for registration

purposes (TR/TE = 25/5 ms, flip angle = 40u, field of

view = 2406240 mm2, 2566256 matrix, 64 3 mm slices, no gap)

using a spoiled-GRASS (SPGR) sequence at 1.5 T and a

magnetization prepared fast low angle shot (MPFLASH) sequence

at 4 T.

Data Analysis
Pre-Processing and statistical analyses. Pre-processing

and statistical analyses were performed with the fMRI expert

analysis tool (FEAT) version 5.98 in FMRIB Software Library

(FSL; [37]). Pre-statistics processing included the following steps:

motion correction using MCFLIRT [38], non-brain removal using

BET [39], spatial smoothing using a Gaussian kernel (5 mm full

width at half maximum), mean-based intensity normalisation, and

highpass temporal filtering (Gaussian weighted least-squares

straight line fitting, with s= 50 s). The analysis employing these

pre-processing steps is referred to as the smoothed analysis. In

addition, a second pre-processing pipeline was tested, in which

spatial and temporal filtering were excluded to evaluate the

contributions of these steps on white matter fMRI activation

(unsmoothed analysis).

For the first-level analyses, time series statistical analyses were

carried out using FMRIB’s Improved Linear Model (FILM) with

local autocorrelation correction [40]. Motion parameters (output

from the motion correction) were included in the model as

regressors of no interest. Activation was modelled by convolving

the double gamma hemodynamic response function with boxcar

functions representing the task (one each for left and right hand

tapping) with in FEAT. Z (Gaussianised t) statistic images were

reported using a threshold for clusters determined by z.2.3 and a

(corrected) cluster significance threshold of p,0.05 [41]. T-

contrasts were calculated to evaluate activation for left hand

tapping, right hand tapping, and the combination of left and right

hand tapping. FLIRT was used to register the functional images to

the anatomic images (seven degrees of freedom [DOF]), and to

register the anatomic images to the Montreal Neurological

Institute template (12 DOF; [38,42]). Registration to standard

space was then further refined using FNIRT nonlinear registration

[43,44]. The non-linear registration approach was selected for two

reasons: 1) FNIRT is commonly used for white matter in DTI

studies [45]; and 2) FNIRT has been shown to result in improved

registration results for subcortical structures [46,47]. The results of

the registration algorithms were visually inspected to ensure

adequate performance. Group level activation results for 1.5 T, 4

T, 1.5 T.4 T, and 4 T.1.5 T were examined using FMRIB’s

Local Analysis of Mixed Effects stage 1 (FLAME 1; [48–50]).

Region of interest analysis. At both the group and

individual levels, FSL’s featquery tool was used to evaluate

activation in the posterior limb of the internal capsule (PLIC). We

selected the PLIC ROI a priori because it contains corticospinal

fibres connecting the primary motor and sensory cortices with the

spinal cord, and has been previously shown using combined fMRI

and diffusion tensor imaging (DTI) to house the structural

connections associated with finger tapping activation [51]. The

region of interest (ROI) was selected from the JHU ICBM-DTI

White Matter Labels Atlas [52], registered to participant space

using the results of the image registrations described above, and

manually verified. By manually verifying atlas-based ROIs and

applying them to individual-level data, this approach greatly

reduces potential gray matter contamination of the ROI that

might result from registration errors. The PLIC ROIs for a

representative participant, for both field strengths, are shown in

Figure 1. Note that although the region of orbitofrontal

susceptibility artifact signal dropout is larger for the 4 T images,

the PLIC ROI does not overlap with any low-signal voxels. The

PLIC ROIs are shown for each participant in Figure S1.

To determine whether activation on the white matter ROI

likely originated from the PLIC (rather than, for example,

resulting from gray matter signal contamination of the ROI

during spatial smoothing and/or other causes of partial volume

effects), we also evaluated whether the activation on the PLIC

ROI included local maxima (identified using FSL’s cluster tool).

To be considered a local maximum, the z-score of the voxel had to

be the largest within an 8 mm radius. We have employed a similar

approach in previous work (e.g., [6]).

In addition to investigating the PLIC ROI, we also evaluated

activation in sensorimotor cortex. Sensorimotor cortex also is

activated by the finger tapping task and thus serves as a region of

gray matter that can be compared to the white matter activation

White Matter fMRI Activation and Field Strength
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results. The sensorimotor cortex ROI was defined as the

precentral gyrus, postcentral gyrus, and the supplementary motor

cortex using the Harvard-Oxford Cortical Atlas in FSL. The

sensorimotor cortex ROI was further refined to ensure only gray

matter was included. Gray matter masks were defined for each

participant using FMRIB’s Automated Segmentation Tool (FAST;

[53]). A priori tissue probability maps were used to initialize the

segmentation. A 99% probability threshold was applied to the

resulting partial volume estimate maps. For both the PLIC and the

sensorimotor cortex ROIs, activation extent (number of signifi-

cantly activated voxels), maximum z-score, and mean z-score and

mean percent signal change of significantly activated voxels were

calculated.

Temporal SNR analysis. Temporal SNR was calculated for

fMRI data that had not been pre-processed, except for motion

correction. Therefore, the data input to the tSNR analysis was pre-

processed using the same steps that were applied to the data in the

unsmoothed analysis. The time series were also detrended using

fsl_regfilt to remove activation-related variance. Thus, the tSNR

values reflect factors such as temporal drift and autocorrelation,

which can impact activation sensitivity if the corrections applied in

the fMRI analysis do not fully compensate for their effects. Voxel-

wise tSNR was calculated as the mean of the time series divided by

the standard deviation of the time series. Mean tSNR values were

derived for the whole brain (conservatively masked using the 80th

percentile voxel intensity to remove areas of susceptibility artifact

related signal dropout), and for gray and white matter separately.

Gray and white matter masks were created by thresholding the

partial volume estimates output by FAST at 99% probability and

registering the masks to functional space (nearest neighbor

interpolation). The cerebellum was excluded by registering the

cerebellum mask from the Montreal Neurological Institute

Structural Atlas [54,55] to each participant. We also calculated

the mean tSNR for the PLIC and sensorimotor cortex ROIs.

Power spectra analysis. To evaluate the potential sources of

variance contributing to tissue type differences in activation and

tSNR results, the power spectra of the time series data were

evaluated. Pre-processed fMRI data were detrended using

fsl_regfilt to remove variance associated with the model. Thus,

the remaining signal variance is assumed to be noise. Voxel-wise

power spectra of the noise were calculated using the fslpspec

function, and averaged across participants for the gray and white

matter ROIs (described above). Power differences between the

ROIs were then calculated for both 1.5 T and 4 T.

Results

Functional MRI Activation
The results presented here focus on left and right hand tapping

combined for the smoothed analysis. When analyzed separately,

left and right hand tapping produced the expected contralateral

pattern of activation (i.e., relatively greater right hemisphere

activation for left hand tapping and vice versa; see Table S1 for

details). The group level smoothed analysis revealed activation in

sensorimotor cortex, the supplementary motor area, and the

cerebellum for both 1.5 T and 4 T. Activation was observed in the

PLIC ROI for 4 T, but not 1.5 T (see Figure 2). When compared

statistically using a t-contrast, no activation was observed in the 1.5

Figure 1. Outline of PLIC ROI (red) overlaid on a functional volume and the corresponding slices of the high resolution anatomic
image for a representative participant. Top: 1.5 T; bottom: 4 T. The green lines on the sagittal images depict the inferior-superior range of the
subsequent axial slices. S: superior; I: inferior; A: anterior; P: posterior; R: right; L: left. Please note that for display purposes, the functional images were
upsampled (2566256688).
doi:10.1371/journal.pone.0058130.g001
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T.4 T contrast. For the 4 T.1.5 T contrast, significant activation

was observed, including in the PLIC and motor cortex ROIs

(Table 1). However, no local maximum was localized to the PLIC

ROI, for either the 4 T or 4 T.1.5 T contrasts.

For the smoothed analysis, activation results for a representative

participant are presented in Figures 3 and 4 for the PLIC and

sensorimotor cortex ROIs, respectively. Individual level PLIC

ROI results are summarized in Table 2, and were consistent with

the group level findings. While only five of the seven participants

showed PLIC activation at 1.5 T, PLIC activation was detected in

all seven participants at 4 T. Furthermore, six of the seven

participants had a higher maximum z-score and larger extent of

activation in the PLIC for 4 T relative to 1.5 T. The maximum z-

score was significantly greater for 4 T than 1.5 T (t(6) = 2.40,

p,0.05, one-tailed). The extent of activation was also significantly

greater for 4 T than 1.5 T (t(6) = 2.18, p,0.05, one-tailed). In

addition, the mean z-score across significantly activated voxels was

significantly greater for 4 T than 1.5 T (t(6) = 2.06, p,0.05, one-

tailed); however, this finding should be interpreted with caution

due to the large proportion of participants with very few activated

Figure 2. Group level activation (n = 7) in the finger tapping task (smoothed analysis). Top: 1.5 T; bottom: 4 T. Activation is overlaid on the
MNI brain. Two slices through the PLIC are shown (z = 6 mm and z = 10 mm, MNI coordinates). The PLIC ROI is outlined in blue. Significant activation
is shown in red-yellow (z.2.3, p,0.05). A: anterior; P: posterior; R: right; L: left.
doi:10.1371/journal.pone.0058130.g002
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voxels in the PLIC ROI at 1.5 T. Only one participant had a local

maximum located on the PLIC ROI for 1.5 T, whereas four of the

seven participants had local maxima on the PLIC ROI for 4 T.

The individual level sensorimotor cortex ROI results are

presented in Table 3. While there was no difference in maximum

z-score between 1.5 T and 4 T (t(6) = 0.85, p = n.s., one-tailed), the

mean z-score of activated voxels was significantly greater for 4 T

than 1.5 T (t(6) = 2.65, p,0.05, one-tailed). A larger extent of

sensorimotor cortex activation was observed at 4 T versus 1.5 T

(47.02611.61% and 33.44610.90% for 4 T and 1.5 T,

respectively); this effect was statistically significant (t(6) = 2.43,

p,0.05, one-tailed).

For completeness, we have included mean percent signal

change for the ROIs and field strengths in Table S2. Note that

due to the choice of TE at each field strength (40 ms for 1.5 T,

15 ms for 4 T), percent signal change would be expected to be

similar for 1.5 T and 4 T results.

Overall, the same pattern of white matter fMRI results was

observed for unsmoothed data, with PLIC activation in 43% of

participants at 1.5 T, versus 100% of participants at 4 T. The

individual level PLIC ROI results for the unsmoothed analysis can

be found in Table S3.

Temporal SNR
Temporal SNR results are presented in Figure 5. The mean

tSNR for the whole brain was 82.4 for 1.5 T and 100.6 for 4 T

(i.e., an increase of 22.1% for 4 T). Whole brain tSNR was

significantly greater at 4 T relative to 1.5 T (t(6) = 3.52, p,0.01,

one-tailed). The gray matter tSNR was 83.5 and 96.0 for 1.5 T

and 4 T, respectively (i.e., an increase of 15.0% for 4 T), whereas

the white matter tSNR was 97.8 and 144.0 for 1.5 T and 4 T,

respectively (i.e., an increase of 47.2% for 4 T). The tSNR

difference between white matter and gray matter was significantly

greater at 4 T than 1.5 T (t(6) = 5.69, p,0.001, one-tailed). The

relatively larger field strength dependent tSNR increase for white

matter was also observed when comparing the PLIC and

sensorimotor cortex ROIs. For the sensorimotor cortex ROI,

tSNR was 82.8 and 119.7 for 1.5 T and 4 T, respectively (i.e., an

increase of 44.6% for 4 T). For the PLIC ROI, tSNR was 99.5 and

186.3 for 1.5 T and 4 T, respectively (i.e., an increase of 87.2% for

4 T). The tSNR difference between the PLIC and sensorimotor

cortex ROIs was significantly greater at 4 T than 1.5 T (t(6) = 2.83,

p,0.05, one-tailed).

Power Spectra
To evaluate the potential sources of tissue type differences in

terms of activation and tSNR results, the power spectra of the

noise in the gray and white matter ROIs were evaluated for both

1.5 T and 4 T. The difference spectra (gray matter minus white

matter) are depicted in Figure 6. At 1.5 T, the tissue type

differences are relatively uniform across frequencies. In contrast, a

large peak difference at approximately 0.05 Hz is apparent at 4 T,

as well as a number of smaller peak differences at higher

frequencies, indicating increased power at these frequencies for

gray matter at 4 T. As discussed below, physiological noise is often

aliased to low frequencies such as 0.05 Hz at typical TRs [56].

Discussion

Summary of Findings
Consistent with previous results, PLIC activation was detected

at 4 T for a finger tapping task [7]. As predicted, group level

sensitivity to PLIC activation was increased at 4 T relative to 1.5

T. In addition, PLIC activation was detected in more individuals

at 4 T than 1.5 T. Furthermore, this pattern of results was the

same even when no smoothing was employed. At conventional

thresholds, 1.5 T may not yield enough sensitivity to detect fMRI

signal changes in white matter. Furthermore, we found relatively

greater field strength dependent tSNR gains for white matter

relative to gray matter, suggesting that high field may be

particularly advantageous for white matter fMRI. We speculate

on the possible mechanisms of this phenomenon in the Effect of

Physiological Noise section below.

We determined whether local activation maxima were observed

on the PLIC ROI to evaluate if the activation on the white matter

ROI likely originated from the PLIC rather than from gray matter

signal contamination (see below for a discussion of partial volume

effects). The individual level analysis revealed local maxima on the

PLIC ROI for the majority of participants at 4 T. However, no

local maxima were observed on the PLIC ROI for the group

analysis. Individual differences in the functional organization of

the PLIC may have contributed variance such that a PLIC local

maximum could not be observed on the group activation maps,

but more research is needed with larger sample sizes to fully

interpret this finding.

At the group level, statistical contrasts revealed that 4 T fMRI

was significantly more sensitive to motor cortex activation

(Table 1). At the individual level, greater activation extent and

greater mean z-scores were observed for 4 T relative to 1.5 T in

gray matter (Table 3), which is consistent with previous studies of

the field strength dependence of BOLD fMRI [17–27,29–31].

Consistent with previous findings, we observed greater tSNR for

white matter than gray matter (Figure 5; [35,57]). Importantly,

field strength related increases in tSNR were significantly greater

for white matter than gray matter. Given that tSNR is linked to

successful detection of fMRI activation (e.g., [35]), this finding is

consistent with the notion that high field fMRI is particularly

important for detecting activation in white matter.

Table 1. Group level region of interest (ROI) results.

ROI Contrast Max z-score Extent (activated voxels/total ROI voxels) % of ROI activated

PLIC 1.5 T 0.00 0/566 0.00

4 T 3.82 226/566 39.93

4 T.1.5 T 2.62 13/566 2.30

Sensorimotor cortex 1.5 T 4.57 5272/25013 21.08

4 T 5.00 9819/26609 36.90

4 T.1.5 T 3.96 785/25007 3.14

doi:10.1371/journal.pone.0058130.t001

White Matter fMRI Activation and Field Strength
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Figure 3. Individual level activation in the PLIC for a representative participant (smoothed analysis). Top panel: 1.5 T; middle panel: 4 T;
bottom panel: sagittal image with green lines that depict the inferior-superior range of the axial slices above. For both the top and middle panels, the
top row depicts the activation overlaid on the high resolution anatomic image and the bottom row depicts the activation overlaid on the functional
image (registered to the high resolution anatomic image). The PLIC ROI is outlined in blue. Significant activation is shown in red-yellow (z.2.3,
p,0.05). A: anterior; P: posterior; R: right; L: left.
doi:10.1371/journal.pone.0058130.g003
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Figure 4. Individual level sensorimotor cortex ROI activation for a representative participant (smoothed analysis). Top panel: 1.5 T;
middle panel: 4 T; bottom panel: sagittal image with green lines that depict the inferior-superior range of the axial slices above. For both the top and
middle panels, the top row depicts the activation overlaid on the high resolution anatomic image and the bottom row depicts the activation overlaid
on the functional image (registered to the high resolution anatomic image). The sensorimotor cortex ROI is outlined in blue. Significant activation is
shown in red-yellow (z.2.3, p,0.05). A: anterior; P: posterior; R: right; L: left.
doi:10.1371/journal.pone.0058130.g004
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Effect of Physiological Noise
In general, physiological noise is more prominent at higher

fields due to the relationship between physiological noise and image

SNR [21,26]. Consistent with previous research demonstrating that

physiological noise comprises a smaller proportion of the total noise

in white matter compared to gray matter [24,58], the spectral

analysis of the noise revealed that at 4T, there was increased power

in gray matter relative to white matter in the low frequency range to

which physiological artifacts are often aliased (Figure 6; [56]). Given

that white matter signals are less contaminated by physiological

noise, white matter may be relatively more robust to field strength

related increases in physiological noise than gray matter. Physio-

logical noise differences between gray and white matter might be

attributed to differences in vasculature between the tissue types

[59,60]. However, other sources of noise differences between gray

and white matter cannot yet be ruled out. Future studies should

employ physiological noise removal procedures to evaluate whether

sensitivity at 4 T could be enhanced, particularly for gray matter

activation.

Caveats
Susceptibility induced field gradients at 4 T. In the 4 T

data, the close proximity of the inferior parts of the PLIC ROI to

regions of signal dropout associated with orbitofrontal susceptibility

artifact may have affected the activation results. For example, the

image distortions at the boundaries of the dropout region may have

contaminated the PLIC ROI. If so, task correlated signal intensity

changes in the distorted regions (i.e., task correlated motion) may

have been erroneously characterized as activation. However, we

included the estimated motion parameters (output from the motion

correction) as regressors of no interest in our activation model,

which reduces the potential contribution of movement-related

signal changes that survive the motion correction [61].

Spatial resolution and partial volume effects. At the

current nominal spatial resolution of the fMRI data

(3.7563.7565 mm3), the dimensions of the PLIC (less than

10 mm in the left-right dimension on most slices; Oishi et al.,

2005) are such that partial volume effects likely exist in some

voxels in the PLIC ROI. In this study, we were able to evaluate

whether the fMRI activation likely originated in the PLIC ROI (as

opposed to neighbouring gray matter regions) by determining

whether an activation local maximum was localized to the white

matter region. At 4 T, the majority of participants had local

maxima co-localized to the PLIC ROI, providing evidence that

the activated voxels in the PLIC were not merely the result of

partial volume effects. Furthermore, by repeating the statistical

analysis on unsmoothed data, we also demonstrated that the white

matter fMRI activation does not result from partial volume effects

introduced during data processing. In the future, higher resolution

fMRI scans will be crucial to disentangling the signal changes

associated with the different tissue types. However, higher spatial

resolution is associated with lower SNR. As we have demonstrated

in the current study, white matter fMRI activation may be difficult

to detect at lower SNR, which could limit the spatial resolution for

Table 2. Summary statistics for the PLIC ROI (individual level, smoothed analysis).

A. 1.5 T.

Participant Max z-score
Extent (activated voxels/total
ROI voxels)

% of ROI
activated

Mean ± SD z-score
(activated voxels only)

Local max
in ROI?

1 2.40 0/44 0.00 0.00 no

2 5.31 13/40 32.50 3.1660.80 no

3 2.57 0/42 0.00 0.00 no

4 3.13 2/40 5.00 2.7760.52 no

5 3.44 1/42 2.38 3.446nan yes

6 2.48 1/48 2.08 2.486nan no

7 3.26 5/36 13.89 2.9960.18 no

Average 3.23 – 7.98 2.12 1/7

SD (across participants) 1.01 – 11.82 1.48 –

B. 4 T.

Participant Max z-score Extent (activated voxels/total
ROI voxels)

% of ROI
activated

Mean ± SD z-score
(activated voxels only)

Local max
in ROI?

1 4.08 9/46 19.57 3.0360.60 no

2 3.64 6/49 12.24 2.7760.45 no

3 4.05 5/46 10.87 3.2560.74 no

4 5.18 8/38 21.05 3.3960.76 yes

5 5.10 11/47 23.40 3.6060.90 yes

6 3.91 9/49 18.37 2.9060.47 yes

7 4.65 21/40 52.50 3.7160.55 yes

Average 4.37 – 22.57 3.23 4/7

SD (across participants) 0.60 – 13.96 0.36 –

doi:10.1371/journal.pone.0058130.t002
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white matter fMRI research. Studies with high spatial resolution

might benefit from tissue-specific smoothing, which could improve

SNR without resulting in gray matter contamination of white

matter signals.

Sample size. Only seven participants were included in this

study. This is a relatively small sample; however, previous studies

of field strength effects have used similar sample sizes (e.g., [24–

26]). In addition, the within-subjects nature of the experimental

design allowed an examination of the effect of field strength at the

individual level to supplement the group results. We demonstrated

that the pattern observed in the group results (greater sensitivity to

white matter fMRI activation at high field) was also observed for

the majority of participants, suggesting that the group results are

representative. Nevertheless, this line of research should be

continued with larger sample sizes, which may help to clarify

the functional significance of the individual variability in the

presence of local activation maxima in white matter (Table 2).

MRI systems. The MRI systems used in the current study

were from different manufacturers (1.5 T GE versus 4 T Varian).

Previous studies have suggested that between-subject differences

are larger than differences between scanner sites/manufacturers,

which provides support for the validity of comparing results from

different scanner manufacturers [62], particularly when using a

within-subjects design such as the approach we employed. Even

within manufacturers, MRI systems of different field strengths

inherently differ in terms of gradient and RF hardware, for

example. These differences potentially confound studies investi-

gating field strength effects.

Table 3. Summary statistics for the sensorimotor cortex ROI (individual level, smoothed analysis).

A. 1.5 T.

Participant Max z-score
Extent (activated voxels/total
ROI voxels) % of ROI activated

Mean z-score
(activated voxels only)

1 12.11 105/480 21.88 4.61

2 12.58 189/379 49.87 5.32

3 9.56 115/493 23.33 4.05

4 9.57 217/622 34.89 4.80

5 9.45 106/457 23.19 4.17

6 10.42 204/509 40.08 4.62

7 11.53 159/389 40.87 4.63

Average 10.74 – 33.44 4.60

SD 1.32 – 10.90 0.42

B. 4 T.

Participant Max z-score Extent (activated voxels/total
ROI voxels)

% of ROI activated Mean z-score
(activated voxels only)

1 11.69 285/547 52.10 5.33

2 12.23 193/427 45.20 5.64

3 9.94 193/536 36.01 4.35

4 9.68 174/586 29.69 4.47

5 12.39 255/503 50.70 5.18

6 10.30 307/470 65.32 4.97

7 11.60 187/373 50.13 5.20

Average 11.12 – 47.02 5.02

SD 1.12 – 11.61 0.46

doi:10.1371/journal.pone.0058130.t003

Figure 5. ROI analysis of grand average (n = 7) temporal SNR
results. Error bars represent one standard deviation.
doi:10.1371/journal.pone.0058130.g005
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Potential contributions of large veins. Interpreting fMRI

studies requires consideration of the contribution of large veins,

which can result in activated voxels that are located up to a

centimetre away from the site of neural activation (e.g., [63]).

Given the importance of this issue for interpreting activation

results, future investigations of white matter fMRI activation

should acquire venograms in order to evaluate the potential

contribution of large veins.

Conclusion
We have shown that high field fMRI may be particularly

important for detecting activation in white matter, given that field

strength dependent increases in tSNR and fMRI sensitivity may be

greater for white matter than for gray matter. The scarcity of reports

of white matter fMRI activation (relative to gray matter activation)

may be due in part to the prevalence of 1.5 T MRI systems.
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24. Krüger G, Kastrup A, Glover GH (2001) Neuroimaging at 1.5 T and 3.0 T:

comparison of oxygenation-sensitive magnetic resonance imaging. Magn Reson

Med 45: 595–604. Available: http://www.ncbi.nlm.nih.gov/pubmed/

11283987.

25. Meindl T, Born C, Britsch S, Reiser M, Schoenberg S (2008) Functional BOLD

MRI: comparison of different field strengths in a motor task. Eur Radiol 18:

1102–1113. Available: http://www.ncbi.nlm.nih.gov/pubmed/18274756. Ac-

cessed 20 June 2012.

26. Triantafyllou C, Hoge RD, Krueger G, Wiggins CJ, Potthast A, et al. (2005)

Comparison of physiological noise at 1.5 T, 3 T and 7 T and optimization of

fMRI acquisition parameters. NeuroImage 26: 243–250. Available: http://

www.ncbi.nlm.nih.gov/pubmed/15862224. Accessed 15 March 2012.

27. Turner R, Jezzard P, Wen H, Kwong KK, Le Bihan D, et al. (1993) Functional

mapping of the human visual cortex at 4 and 1.5 tesla using deoxygenation

contrast EPI. Magn Reson Med 29: 277–279. Available: http://www.ncbi.nlm.

nih.gov/pubmed/8429797.
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29. Uğurbil K, Hu X, Chen W, Zhu XH, Kim SG, et al. (1999) Functional mapping

in the human brain using high magnetic fields. Philos Trans R Soc Lond B Biol

Sci 354: 1195–1213. Available: http://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=1692632&tool=pmcentrez&rendertype=abstract.

30. Van der Zwaag W, Francis S, Head K, Peters A, Gowland P, et al. (2009) fMRI

at 1.5, 3 and 7 T: characterising BOLD signal changes. NeuroImage 47: 1425–

1434. Available: http://www.ncbi.nlm.nih.gov/pubmed/19446641. Accessed

15 March 2012.

31. Yang Y, Wen H, Mattay VS, Balaban RS, Frank JA, et al. (1999) Comparison of

3D BOLD functional MRI with spiral acquisition at 1.5 and 4.0 T. NeuroImage

9: 446–451. Available: http://www.ncbi.nlm.nih.gov/pubmed/10191173.

32. Hu X, Norris DG (2004) Advances in high-field magnetic resonance imaging.

Annu Rev Biomed Eng 6: 157–184. Available: http://www.ncbi.nlm.nih.gov/

pubmed/15255766. Accessed 1 March 2012.

33. Vaughan JT, Garwood M, Collins CM, Liu W, DelaBarre L, et al. (2001) 7T vs.

4T: RF power, homogeneity, and signal-to-noise comparison in head images.

Magn Reson Med 46: 24–30. Available: http://www.ncbi.nlm.nih.gov/

pubmed/11443707.

34. Yacoub E, Shmuel A, Pfeuffer J, Van De Moortele PF, Adriany G, et al. (2001)

Imaging brain function in humans at 7 Tesla. Magn Reson Med 45: 588–594.

Available: http://www.ncbi.nlm.nih.gov/pubmed/11283986.

35. Bodurka J, Ye F, Petridou N, Murphy K, Bandettini PA (2007) Mapping the

MRI voxel volume in which thermal noise matches physiological noise–

implications for fMRI. NeuroImage 34: 542–549. Available: http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=1815476&tool=pmcentrez&

rendertype=abstract. Accessed 13 March 2012.

36. Oldfield RC (1971) The assessment and analysis of handedness: The Edinburgh

inventory. Neuropsychologia 9: 97–113.

37. Smith S, Jenkinson M, Woolrich M, Beckmann CF, Behrens TEJ, et al. (2004)

Advances in functional and structural MR image analysis and implementation as

FSL. NeuroImage 23: S208–219. Available: http://www.sciencedirect.com/

science/article/pii/s1053-8119(04)00393-3. Accessed 20 June 2012.

38. Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimization for

the robust and accurate linear registration and motion correction of brain

images. NeuroImage 17: 825–841. Available: http://linkinghub.elsevier.com/

retrieve/pii/S1053811902911328. Accessed 13 March 2012.

39. Smith SM (2002) Fast robust automated brain extraction. Hum Brain Mapp 17:

143–155. Available: http://www.ncbi.nlm.nih.gov/pubmed/12391568. Ac-

cessed 5 March 2012.

40. Woolrich MW, Ripley BD, Brady M, Smith SM (2001) Temporal autocorre-

lation in univariate linear modeling of FMRI data. NeuroImage 14: 1370–1386.

Available: http://www.ncbi.nlm.nih.gov/pubmed/11707093. Accessed 11

March 2012.

41. Worsley KJ, Evans AC, Marrett S, Neelin P (1992) A three-dimensional

statistical analysis for CBF activation studies in human brain. J Cereb Blood

Flow Metab 12: 900–918. Available: http://www.ncbi.nlm.nih.gov/pubmed/

1400644.

42. Jenkinson M, Smith S (2001) A global optimisation method for robust affine

registration of brain images. Med Image Anal 5: 143–156. Available: http://

www.ncbi.nlm.nih.gov/pubmed/11516708.

43. Andersson JLR, Jenkinson M, Smith SM (2007) Non-linear optimization.

FMRIB technical report TR07JA1.

44. Andersson JLR, Jenkinson M, Smith SM (2007) Non-linear registration, aka

spatial normalisation. FMRIB technical report TR07JA2.

45. Smith SM, Johansen-Berg H, Jenkinson M, Rueckert D, Nichols TE, et al.

(2007) Acquisition and voxelwise analysis of multi-subject diffusion data with

tract-based spatial statistics. Nat Protoc 2: 499–503. Available: http://www.ncbi.

nlm.nih.gov/pubmed/17406613. Accessed 15 July 2012.

46. Klein A, Andersson J, Ardekani B (2009) Evaluation of 14 nonlinear

deformation algorithms applied to human brain MRI registration. NeuroImage

46: 786–802. Available: http://www.sciencedirect.com/science/article/pii/

S1053811908012974. Accessed 3 September 2012.

47. Chakravarty MM, Sadikot AF, Germann J, Hellier P, Bertrand G, et al. (2009)

Comparison of piece-wise linear, linear, and nonlinear atlas-to-patient warping

techniques: analysis of the labeling of subcortical nuclei for functional

neurosurgical applications. Hum Brain Mapp 30: 3574–3595. Available:

http://www.ncbi.nlm.nih.gov/pubmed/19387981. Accessed 1 September 2012.

48. Beckmann CF, Jenkinson M, Smith SM (2003) General multilevel linear

modeling for group analysis in FMRI. NeuroImage 20: 1052–1063. Available:

http://www.ncbi.nlm.nih.gov/pubmed/14568475. Accessed 1 March 2012.

49. Woolrich MW, Jenkinson M, Brady JM, Smith SM (2004) Fully Bayesian spatio-

temporal modeling of FMRI data. IEEE T Med Imaging 23: 213–231.

Available: http://www.ncbi.nlm.nih.gov/pubmed/14964566.

50. Woolrich M (2008) Robust group analysis using outlier inference. NeuroImage

41: 286–301. Available: http://www.ncbi.nlm.nih.gov/pubmed/18407525.

Accessed 13 April 2012.

51. Guye M, Parker GJM, Symms M, Boulby P, Wheeler-Kingshott CAM, et al.

(2003) Combined functional MRI and tractography to demonstrate the

connectivity of the human primary motor cortex in vivo. NeuroImage 19:

1349–1360. Available: http://linkinghub.elsevier.com/retrieve/pii/

S1053811903001654. Accessed 8 March 2012.

52. Oishi K, Faira AV, Van Zigl PCM, Mori S (2005) MRI Atlas of Human White

Matter. Amsterdam: Elsevier.

53. Zhang Y, Brady M, Smith S (2001) Segmentation of brain MR images through a

hidden Markov random field model and the expectation-maximization

algorithm. IEEE T Med Imaging 20: 45–57. Available: http://www.ncbi.nlm.

nih.gov/pubmed/11293691.

54. Collins DL, Holmes CJ, Peters TM, Evans AC (1995) Automatic 3-D model-

based neuroanatomical segmentation. Hum Brain Mapp 3: 190–208.

55. Mazziotta J, Toga A, Evans A, Fox P, Lancaster J, et al. (2001) A probabilistic

atlas and reference system for the human brain: International Consortium for

Brain Mapping (ICBM). Philos Trans R Soc Lond B Biol Sci 356: 1293–1322.

A v a i l a b l e : h t t p : // w w w . p ub m e dc e n t r a l . n i h . g o v / a r t i c l e r e n d e r .

fcgi?artid=1088516&tool=pmcentrez&rendertype=abstract. Accessed 1 March

2012.

56. Biswal B, DeYoe EA, Hyde JS (1996) Reduction of physiological fluctuations in

fMRI using digital filters. Magn Reson Med 35: 107–113. Available: http://

www.ncbi.nlm.nih.gov/pubmed/8771028.

57. Gonzalez-Castillo J, Roopchansingh V, Bandettini PA, Bodurka J (2011)

Physiological noise effects on the flip angle selection in BOLD fMRI.

NeuroImage 54: 2764–2778. Available: http://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=3020268&tool=pmcentrez&rendertype=abstract. Ac-

cessed 7 March 2012.

White Matter fMRI Activation and Field Strength

PLOS ONE | www.plosone.org 11 March 2013 | Volume 8 | Issue 3 | e58130



58. Greve DN, Mueller BA, Liu T, Turner JA, Yetter E, et al. (2012) A novel

method for quantifying scanner instability in fMRI. Magn Reson Med 65: 1053–
1061. doi:10.1002/mrm.22691.

59. Duvernoy HM, Delon S, Vannson JL (1981) Cortical blood vessels of the human

brain. Brain Res Bull 7: 519–579. Available: http://www.ncbi.nlm.nih.gov/
pubmed/7317796.

60. Dagli MS, Ingeholm JE, Haxby JV (1999) Localization of cardiac-induced signal
change in fMRI. NeuroImage 9: 407–415. Available: http://www.ncbi.nlm.nih.

gov/pubmed/10191169.

61. Johnstone T, Ores Walsh KS, Greischar LL, Alexander AL, Fox AS, et al.
(2006) Motion correction and the use of motion covariates in multiple-subject

fMRI analysis. Hum Brain Mapp 27: 779–788. Available: http://www.ncbi.

nlm.nih.gov/pubmed/16456818. Accessed 19 March 2012.

62. Zou KH, Greve DN, Wang M, Pieper SD, Warfield SK, et al. (2005)

Reproducibility of functional MR imaging: preliminary results of prospective

multi-institutional study performed by biomedical informatics research network.

Radiology 237: 781–789.

63. Menon RS (2012) The great brain versus vein debate. NeuroImage 62: 970–974.

Available: http://www.ncbi.nlm.nih.gov/pubmed/21939776. Accessed 1 No-

vember 2012.

White Matter fMRI Activation and Field Strength

PLOS ONE | www.plosone.org 12 March 2013 | Volume 8 | Issue 3 | e58130


