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Abstract

Functional MRI blood oxygen level-dependent (BOLD) signal changes can be subtle, motivating 

the use of imaging parameters and processing strategies that maximize the temporal signal-to-

noise ratio (tSNR) and thus the detection power of neuronal activity-induced fluctuations. Previous 

studies have shown that acquiring data at higher spatial resolutions results in greater percent 

BOLD signal changes, and furthermore that spatially smoothing higher resolution fMRI data 

improves tSNR beyond that of data originally acquired at a lower resolution. However, higher 

resolution images come at the cost of increased acquisition time, and the number of image 

volumes also influences detectability. The goal of our study is to determine how the detection 

power of neuronally induced BOLD fluctuations acquired at higher spatial resolutions and then 

spatially smoothed compares to data acquired at the lower resolutions with the same imaging 

duration. The number of time points acquired during a given amount of imaging time is a practical 

consideration given the limited ability of certain populations to lie still in the MRI scanner. We 

compare acquisitions at three different in-plane spatial resolutions (3.50 × 3.50 mm2, 2.33 × 2.33 

mm2, 1.75 × 1.75 mm2) in terms of their tSNR, contrast-to-noise ratio, and the power to detect 

both task-related activation and resting-state functional connectivity. The impact of SENSE 

acceleration, which speeds up acquisition time increasing the number of images collected, is also 

evaluated. Our results show that after spatially smoothing the data to the same intrinsic resolution, 

lower resolution acquisitions have a slightly higher detection power of task-activation in some, but 

not all, brain areas. There were no significant differences in functional connectivity as a function 

of resolution after smoothing. Similarly, the reduced tSNR of fMRI data acquired with a SENSE 

factor of 2 is offset by the greater number of images acquired, resulting in few significant 

differences in detection power of either functional activation or connectivity after spatial 

smoothing.
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Introduction

One of the central challenges in functional Magnetic Resonance Imaging (fMRI) is the 

detection of subtle fluctuations in neuronal activity-induced blood oxygen level-dependent 

(BOLD) signal in the presence of various sources of noise. This challenge has led to an 

ongoing effort to increase the spatial and temporal signal-to-noise ratios (SNR) by 

modifying both acquisition parameters and processing strategies. The spatial SNR reflects 

the mean signal intensity divided by its variation over space, while the temporal SNR 

reflects the mean signal intensity divided by its variation over time. Improvements in 

temporal SNR are limited by physiological noise. Unlike system or thermal noise, variance 

from cardiac and respiratory pulsations increases with signal strength causing gains in 

temporal SNR to plateau (Kruger and Glover, 2001).

Acquiring images at higher resolutions lowers the physiological-to-thermal noise ratio and 

decreases partial volume averaging with non-active tissues. This enables a higher percent 

signal change or greater contrast-to-noise ratio (CNR) and increases the probability of 

detecting true positive activation (Bodurka et al., 2007; Hyde et al., 2001; Geissler et al., 

2005; Weibull et al., 2008; Newton et al., 2012). Furthermore, Triantafyllou and colleagues 

have shown that spatially smoothing images from higher resolution acquisitions results in 

greater temporal SNR than that of images directly acquired at lower resolutions 

(Triantafyllou et al., 2006). Similarly, the application of a low-pass spatial filter improves the 

significance of BOLD activation in simulated data suggesting that in many cases 

physiological noise has a higher spatial frequency content (i.e., is less spatially correlated) 

than neuronal activity-induced BOLD fluctuations (Lowe and Sorenson, 1997).

These findings suggest that fMRI data should be acquired at higher resolutions in order to 

improve the detection of subtle BOLD signal changes. However, it has also been 

demonstrated that the detection of the BOLD response depends strongly on the number of 

acquired images (Murphy et al., 2007). Lower resolution images can be acquired more 

quickly allowing more volumes to be collected during the same amount of imaging time. 

Prior studies investigating the effect of spatial smoothing in fMRI compare different spatial 

resolutions acquired at the same TR and hence with the same number of volumes, and thus 

the relative benefit of reducing uncorrelated noise by spatially smoothing higher resolution 

images versus acquiring more images at lower resolutions remains unexplored. In addition, 

SENSE acceleration can be utilized to increase the rate of image acquisition but with a loss 

in temporal SNR (Pruessmann et al., 1999; de Zwart et al., 2002). Finally, these imaging 

parameters effects on temporal SNR and CNR can be difficult to extend to resting-state 

functional connectivity, where resting-state fluctuations in brain activity contribute to the 

variance in the fMRI signal over time and are generally included as part of the “noise” in 

such calculations.

Because of the multiple complex factors that affect detection power, we perform an 

empirical study of resolutions that are common in many of our past and current fMRI studies 

(e.g., 3.50 × 3.50 mm in plane) as well as higher resolution acquisitions that are being 

considered (e.g., 2.33 × 2.33 mm2 and 1.75 × 1.75 mm2), all with and without a SENSE 

acceleration factor of 2. These resolutions are acquired at their minimum TR for a constant 
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amount of imaging time and are evaluated based on temporal SNR, CNR, and detectability 

of both task-activation and resting-state functional connectivity. This study is additionally 

motivated by the increasing popularity of adding quick resting-state scans to existing 

protocols where resolving extremely fine structures is not always the primary concern, and 

where spatial smoothing of several millimeters is a common preprocessing step.

Methods

Data Acquisition

Data was collected from eight healthy subjects on a 3.0 T MRI scanner with an 8-channel 

receive-only RF head coil array (Discovery MR750, General Electric Medical Systems, 

Milwaukee, WI, USA). Informed consent was obtained from all participants in accordance 

with a Wisconsin Institutional Review Board (IRB) approved protocol.

Structural images with 1 mm isotropic voxels were acquired axially with an MPRAGE 

sequence (TE = 3.18 ms, TI = 450 ms, TR = 8.13 ms, flip angle = 12 degrees). For each of 

the 6 sets of imaging parameters (Table 1), BOLD EPI time series were collected in the 

sagittal plane (TE = 25 ms, flip angle = 60 degrees, field of view (FOV) = 224 × 224 mm2, 

slice thickness = 3.5 mm, number of slices = 40 slices). For each resolution, the minimum 

TR (rounded to the nearest 50 ms) was chosen to allow the maximum number of volumes to 

be acquired during a constant amount of scanning time. Phantom experiments were 

conducted to confirm that spatial and temporal SNR were similar across the planes of 

acquisition for fMRI volumes acquired with a SENSE acceleration factor of 2. Specifically, 

spatial SNR was 139 ± 8, 137 ± 8, and 138 ± 7 while temporal SNR was 141 ± 22, 147 ± 22, 

and 140 ± 21 for the phantom images collected at a resolution of 1.75 × 1.75 mm2 in the 

axial, coronal, and sagittal planes, respectively.

Subjects were asked to remain “clear, calm, and awake” as they rested with their eyes closed 

during the collection of 5-minute fMRI time-courses. In addition, 3-minute fMRI time-

courses were collected, during which subjects performed a combined motor and language-

processing task. Subjects viewed alternating 20-second intervals of either a fixation cross or 

a series of words and non-words presented every 2 seconds. Visual information was 

displayed using fiber optic display goggles (Avotec, Inc., Stuart, FL, USA). Subjects were 

instructed to rest when viewing the fixation cross and to tap each finger to thumb while 

covertly deciding whether the word was a member of the English language when viewing 

text. Resting-state and task fMRI data was collected for each of the six sets of imaging 

parameters making for a total of 12 scans per subject. The 5-minute resting-state fMRI data 

for the 3.50 × 3.50 mm2 acquisition was aborted early for one subject and thus excluded 

from all analyses. Resting-state scans were collected prior to the task scans, and the order of 

acquired nominal resolutions was counterbalanced across subjects.

Data Preprocessing

Images were corrected for slice dependent time shifts and motion using the AFNI software 

package (Cox, 1996), aligned to a T1-weighted structural scan and transformed into 

Talairach Atlas space (Talairach and Tournoux, 1988) with a single affine transform (Saad et 
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al., 2009), and resampled to 1.75 × 1.75 × 1.75 mm3 voxels. Data acquired during the first 8 

seconds of each run was removed. Data was spatially smoothed using 2D Gaussian kernels 

to within 1% of an in-plane (sagittal) FWHM of 5.5 mm. A two-way repeated-measures 

ANOVA (resolution: 3.50 × 3.50 mm2, 2.33 × 2.33 mm2, 1.75 × 1.75 mm2; SENSE: factor 

of 1, factor of 2) confirmed there was no significant difference in smoothness with p-values 

of 0.867 and 0.808, respectively. Prior to spatial smoothing, acquisitions with nominal in-

plane resolutions of 3.5 × 3.5 mm2, 2.33 × 2.33 mm2, and 1.75 × 1.75 mm2 had an average 

estimated in-plane FWHM of 4.6 mm, 2.6 mm, and 2.1 mm, respectively. In-plane 

smoothness was estimated with AFNI’s 3dFWHMx.

Signal-Noise-Ratio

Both spatial and temporal SNR was calculated post preprocessing for each subject’s linearly 

de-trended fMRI time-courses both before and after in-plane spatial smoothing but prior to 

temporal filtering and nuisance regression. Spatial SNR was computed as the ratio of mean 

fMRI signal over time to the standard deviation of the noise computed over a hand-selected 

ROI outside of the brain. The standard deviation of the noise was corrected by a factor of 

1.43 to account for the 8-channel RF head coil and the sum-of-square image reconstruction 

(Eq. 4 in Gilbert, 2007; Gonzalez-Castillo et al., 2011). Temporal SNR was computed by 

dividing the mean of the signal over time by its standard deviation over time. Both spatial 

and temporal SNR was averaged over 1× eroded cerebral spinal fluid (CSF), gray matter 

(GM), and white matter (WM) masks as defined by an automated segmentation of the T1-

weighted structural scan using FSL’s FAST routine (Zhang et al., 2001; Smith et al., 2004; 

Woolrich et al., 2009).

Task-Activation

The block-design task-activation was modeled using a rectangular function convolved with 

an ideal hemodynamic response function (Cohen et al. 1997). This generated response 

function along with constant and linear trends were used in voxel-wise ordinary least 

squares regression (AFNI’s 3dDeconvolve) for preprocessed fMRI time series. The Pearson 

Correlation Coefficient (R) of each voxel in the resulting statistical parametric maps (SPMs) 

was converted into a Z-score via the Fisher transform, 1/2*ln((1+R)/(1-R))*sqrt(NT-3), 

where NT is the number of volumes in the fMRI time-course. CNR (i.e., signal change 

divided by standard deviation from sources of no-interest) was calculated voxel-wise for 

each SPM by dividing the task regression coefficients by the standard deviation of the 

residual error. In order to compare CNR and BOLD signal detectability across resolutions, 

significantly activate (Bonferroni-corrected, p < 0.05) voxels were selected for each subject 

within a 10 mm radius of the regions involved in language (Brodmann Area 44 and 45), 

motor (Brodmann Area 4 and 6), and vision (Brodmann Area 17, 18, 19) as defined by 

AFNI’s Talairach Daemon Atlas. Motor and vision ROIs were comprised of voxels that were 

significantly active in the SPMs from unsmoothed fMRI time series of all 6 imaging 

parameter combinations (i.e., intersection). As the intersection of active voxels in all 6 of the 

imaging parameters SPMs was empty in Broca’s Area, language ROIs were defined as 

significantly active voxels in the SPMs of at least one of 6 the imaging parameters’ 

unsmoothed fMRI time series (i.e., union). CNR and Z-scores were averaged over the task-

selected language, motor, and vision ROIs for each subject (Supplementary Figure 1).
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Resting-State Functional Connectivity

Given recent publications recognizing head motion’s effect on network connectivity in 

resting-state fMRI (Power et al. 2012; Satterthwaite et al. 2012; Van Dijk et al. 2012), the 

head motion at each time point was estimated using the 6 rigid-body motion parameters 

from AFNI’s 3dvolreg. The motion (in mm) between consecutive time point i and j was 

calculated as the sqrt((xj-xi)2 + (yj-yi)2 + (zj-zi)2 + (αj-αi)2 + (βj-βi)2 + (γj-γi)2), where one 

degree of rotation at the center of the head is approximately 1 mm of movement at the 

surface of the head (Kennedy et al., 2008; Jones et al., 2010; Meier et al., 2012; Patriat et al., 

2013). Time points with movement from the previous time point greater than or equal to 

0.25 mm were censored during resting-state functional connectivity analyses (Power et al. 

2012). The 2.33 × 2.33 mm2 with SENSE factor of 2 and the 1.75 × 1.75 mm2 acquisitions 

from one subject were excluded from the analysis due to excessive head motion (greater than 

20% of volumes censored).

Functional connectivity was computed using a seed region-based approach (Biswal et al., 

1995). Resting-state fMRI time series were temporally filtered (band-pass: 0.01 Hz < f < 0.1 

Hz). Seed regions in the left and right motor cortex were defined from each subject’s task-

selected motor ROI (Task-Activation). Temporally filtered EPI voxel time series were 

averaged over the task-selected left motor ROI and regressed against all other voxels in the 

brain (AFNI’s 3dDeconvolve) simultaneously with constant and linear trends as well as time 

series of no-interest (i.e., nuisance regressors - spurious fluctuations unlikely to be of 

neuronal origin). Specifically, the 12 nuisance regressors included the six rigid-body motion 

parameters as well as the mean signals and their first derivatives (computed by backward 

differences) from eroded CSF and 2× eroded WM masks (Jo et al., 2010). The Pearson 

Correlation Coefficient (R) of each voxel in the resulting SPMs was transformed to a more 

normal distribution using the Fisher Z transform (Task-Activation) and averaged over the 

task-selected right motor ROI to gain a measure of within motor network connectivity. This 

process was repeated to determine connectivity between the task-selected left and right 

vision ROIs. To examine the specificity of functionally connected regions, Z-scores in SPMs 

from seeding the task-selected left motor ROI were also averaged over the task-selected 

vision ROI (Van Dijk et al., 2010). This was used to determine whether a given resolution 

had greater correlations specifically between regions in known functional networks as 

oppose to greater correlations globally (i.e., greater correlations also between regions in 

different functional networks).

Spherical seeds (radius = 4 mm) defined in the left motor cortex (−36, −22, 54), right motor 

cortex (36, −22, 54), left visual cortex (−30, −85, 4), right visual cortex (30, −85, 4), 

posterior cingulate (0, −50, 26), and medial prefrontal cortex (0, 50, −8) were used for 

additional functional connectivity analyses (VanDijk et al., 2010). In order to mimic more 

conventional resting-state processing, nuisance regression was performed to both smoothed 

and unsmoothed functional MRI data prior to temporal filtering (bandpass: 0.01 Hz < f < 0.1 

Hz) and spatial smoothing with a 3-dimensional Gaussian kernel (FWHM = 6 mm). Finally, 

left motor to right motor functional connectivity was computed via averaging the post 

Gaussian smoothed fMRI data within the spherical left motor ROI and regressing the 

resulting time-course against all other voxels in the brain (AFNI’s 3dDeconvolve). The 
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resulting Pearson Correlation Coefficient of each voxel in the resulting SPMs was converted 

into a Z-score, and the Z-scores were averaged over the spherical right motor ROI. This 

process was repeated for left to right visual cortex connectivity as well as posterior cingulate 

(PC) to medial prefrontal cortex (mPFC) connectivity.

Differences as a function of resolution and SENSE acceleration

Spatial SNR values are reported for CSF, GM, and WM for each of the nominal resolutions. 

Repeated measures ANOVAs (resolution: 3.50 × 3.50 mm2, 2.33 × 2.33 mm2, 1.75 × 1.75 

mm2) were used to determine the effect of resolution on spatial SNR. Two-way repeated-

measures ANOVAs (resolution: 3.50 × 3.50 mm2, 2.33 × 2.33 mm2, 1.75 × 1.75 mm2; 

SENSE: factor of 1, factor of 2) were used to determine the effects of resolution and SENSE 

acceleration on task (Table 1) and resting-state (Table 2) fMRI data both with and without 

smoothing. P-values less than 0.05 are considered significant.

Results

Unsmoothed task fMRI data

Spatial SNR in the CSF, GM, and WM is respectively 333 ± 64, 292 ± 53, and 267 ± 47 for 

the 3.50 × 3.50 mm2 acquisition, 224 ± 36, 193 ± 26, and 170 ± 26 for the 2.33 × 2.33 mm2 

acquisition, and 150 ± 24, 127 ± 17, and 111 ± 17 and for the 1.75 × 1.75 mm2 acquisition. 

As expected, spatial SNR in CSF, GM, and WM is significantly increased with decreasing 

resolutions (p < 0.03). Similarly, temporal SNR in CSF, GM, and WM is significantly 

greater for lower resolutions as well as for acquisitions without SENSE acceleration factor 

of 2 (Figure 1A). The CNR in the task-selected motor ROI is significantly greater for lower 

resolutions as well as for acquisitions without SENSE acceleration factor of 2 (Figure 1C). 

Although no significant differences from resolution or SENSE were found for CNR within 

the language or vision ROIs, the detectability of task-activation (mean Z-score) is 

significantly greater for lower resolutions in language, motor, and vision ROIs (Figure 1E, 

Figure 2, Supplementary Figure 2). The addition of a SENSE factor of 2 did not 

significantly affect the detectability of task-activation.

Smoothed task fMRI data

Spatial SNR in the smoothed CSF, GM, and WM is respectively 395 ± 88, 348 ± 76, and 

321 ± 68 for the 3.50 × 3.50 mm2 acquisition, 494 ± 112, 431 ± 91, and 392 ± 86 for the 

2.33 × 2.33 mm2 acquisition, and 390 ± 74, 334 ± 55, and 303 ± 56 and for the 1.75 × 1.75 

mm2 acquisition. Differences in spatial SNR in CSF, GM, and WM from resolution are not 

significant with p-values of 0.052, 0.071, and 0.051, respectively. Temporal SNR in GM and 

WM is significantly greater in higher resolutions as well as for acquisitions without SENSE 

acceleration factor of 2 (Figure 1B). There are no significant differences in CNR due to 

resolution or SENSE except for the CNR within the task-selected motor ROI, which is 

significantly greater for acquisitions without SENSE acceleration factor of 2 (Figure 1D). 

Lower resolution acquisitions have significantly greater detectability of task-activation in 

only the task-selected motor and vision ROIs (Figure 1F). Detectability of task activation is 

significantly higher for a SENSE factor of 1 compared to 2 only within the task-selected 

motor ROI (Table 2).
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Unsmoothed resting-state fMRI data

Spatial SNR in the CSF, GM, and WM is respectively 319 ± 41, 279 ± 27, and 254 ± 25 for 

the 3.50 × 3.50 mm2 acquisition, 231 ± 31, 199 ± 21, and 173 ± 21 for the 2.33 × 2.33 mm2 

acquisition, and 141 ± 15, 120 ± 10, and 104 ± 11 and for the 1.75 × 1.75 mm2 acquisition. 

Again as expected, spatial SNR in CSF, GM, and WM is significantly different across 

resolutions (p < 3E-04). Similarly, lower resolution acquisitions as well as acquisitions 

without SENSE acceleration factor of 2 have greater temporal SNR in GM, CSF, and WM 

(Figure 3A). Motor and vision functional connectivity between task-selected ROIs is 

significantly greater for lower resolutions; however, there are no significant differences in 

between network (task-selected left motor to vision) connectivity (Figure 3C, Figure 4, 

Supplementary Figure 3).

There were no significant differences in the detectability of functional connectivity 

computed with task-selected ROIs for a SENSE acceleration factor of 2 compared to 1. 

Functional connectivity between the PC and mPFC (Figure 5, Supplementary Figure 4) is 

significantly higher for lower resolutions as well as for acquisitions with SENSE 

acceleration factor of 2, whereas functional connectivity between the spherical vision ROIs 

was only significantly greater for lower resolutions. There were no significant differences in 

motor or vision functional connectivity strength from spherical ROIs due resolution or 

SENSE (Figure 3E).

Smoothed resting-state fMRI data

Spatial SNR in the CSF, GM, and WM is respectively 373 ± 45, 328 ± 28, and 301 ± 27 for 

the 3.50 × 3.50 mm2 acquisition, 530 ± 122, 461 ± 98, and 417 ± 97 for the 2.33 × 2.33 mm2 

acquisition, and 375 ± 65, 323 ± 47, and 291 ± 48 and for the 1.75 × 1.75 mm2 acquisition. 

After smoothing, spatial SNR in CSF, GM, and WM does not significantly vary with the 

resolution of acquisition. Temporal SNR in GM, CSF, and WM is significantly lower for 

acquisitions with no SENSE acceleration compared to a SENSE acceleration factor of 2 

(Figure 3B). There are no significant differences in functional connectivity between any 

task-selected ROIs due to resolution or SENSE post-smoothing (Figure 3D). The same was 

true of functional connectivity between spherical ROIs, except that PC to mPFC connectivity 

was greater for acquisitions with SENSE acceleration factor of 2 (Figure 3F). This could be 

due to the lower distortion in the prefrontal region for acquisitions with SENSE acceleration.

Discussion

Higher resolution acquisitions as well as acquisitions utilizing a SENSE acceleration factor 

of 2 come with significant losses in temporal SNR, as expected. This loss is recovered by 

spatial smoothing; however, these relationships in temporal SNR do not directly translate to 

CNR or the detectability of either task-activation or functional connectivity, particularly 

when the total imaging duration is held constant and the TR is allowed to vary. Despite the 

similarity in temporal SNR, lower resolution acquisitions were slightly better at detecting 

functional task-activation in the motor and visual cortices. Although a SENSE acceleration 

factor of 2 significantly reduced the temporal SNR even after spatial smoothing, the 

detectability of functional activation and connectivity was either not significantly different 
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(for motor and visual areas) or showed a slight improvement (e.g., in the connectivity 

between mPFC and PC). Consequently, the loss of temporal SNR from SENSE acceleration 

was balanced by an increase in the number of images that can be acquired in a given amount 

of time. Although it is not the focus of the current study, it should be noted that SENSE 

acceleration decreases the echo spacing (ESP) and thus the amount of B0 field distortion. 

This allows better alignment of images and may improve group analyses, particularly for 

higher resolution acquisitions and within regions with greater susceptibility to distortion and 

signal dropout (e.g., mPFC). In addition, magnetic field gradients in the phase-encoding 

directions can cause the image to be stretched, resulting in some signal reduction. These 

distortions, and the associated signal losses, are reduced at lower resolutions and for data 

acquired with SENSE acceleration.

Prior studies comparing the temporal SNR of acquisitions at different resolution both with 

and without smoothing used a constant TR and/or number of volumes for all resolutions. In 

our study, the TR is allowed to vary across different across resolutions. This allows for a 

greater number of volumes to be acquired at lower resolutions, improving detectability of 

activation, but also leads to differences in the MRI signal due to the T1 relaxation. The lower 

resolution acquisitions have a shorter TR and therefore a shorter time for T1 recovery than if 

they were acquired at the same TR as the higher resolution acquisitions. This shorter TR 

results in a reduction in signal for the lower resolution acquisitions, biasing the detection of 

activation and connectivity in favor of higher resolution acquisitions. Similarly, shorter TRs 

can lead to greater physiological noise, e.g. from greater in-flow effects. However, even with 

these biases towards higher resolutions, we do not see a significant increase in detection 

power for higher resolution acquisitions.

The contribution of physiological noise also depends on the flip angle. In the current study, 

the flip angle was held constant. An interesting question is whether similar finding would be 

obtained at a different flip angle, or when the flip angle is varied across TRs (e.g. set to the 

Ernst angle). A recent study by Gonzalez-Castillo shows that the temporal SNR is relatively 

insensitive to the flip angle across a wide range of flip angles (Gonzalez-Castillo et al., 

2011). However, the proportion of physiological noise does vary with the flip angle, with 

flip angles closer to the Ernst angle having a greater ratio of physiological to thermal noise. 

A theoretical estimation of the changes in tSNR and detectability by spatial smoothing (see 

Appendix) suggests that for the sSNR and resolutions tested in our study, the effect of 

changing the flip angle from 60 degrees to the Ernst angle for each TR would improve the 

tSNR and detectability, but that the detectability would still be lower for the smoothed 

higher resolution acquisitions.

A challenge when comparing signal characteristics across different sets of imaging 

parameters is that the comparisons are necessarily performed between separate runs. 

Variations in task performance, attention, or subject motion between runs can affect the 

temporal SNR, CNR, and detection power. While compliance or attention levels during the 

task were not monitored, the order of acquired parameters were counterbalanced across 

subjects, and we have no reason to expect that there would be systematic differences in 

compliance or attention for different imaging parameters.
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Recent technological and methodological improvements, such as multiband imaging 

(Larkman et al., 2001; Feinberg et al., 2010; Moeller et al., 2010; Setsompop et al., 2012), 

allow image volumes to be acquired much more rapidly. The increased number of images 

that can be acquired in a fixed amount of time with these sequences will likely greatly 

improve the detection power of both task activation and functional connectivity. However, 

even within multiband acquisitions, tradeoffs exist between the improvements afforded by 

higher spatial resolutions and the greater number of image volumes that can be acquired at 

lower spatial resolutions.

Conclusion

Consistent with previous studies, spatial smoothing greatly improves the temporal SNR and 

detection power of neuronal activity-induced BOLD fMRI signal changes, particularly for 

acquisitions at high spatial resolutions. However, our data shows that after spatially 

smoothing the data to the same intrinsic smoothness, the detection power of task-related 

BOLD signal changes is slightly higher for lower resolution acquisitions in some brain areas 

(e.g., in motor and vision areas), but not significantly different across the various tested 

resolutions in other areas (e.g. in Broca’s area). Furthermore, after spatial smoothing, we 

found no significant differences in functional connectivity either computed from task-

selected ROIs or traditional spherical ROIs as a function of spatial resolution. Consequently, 

studies may wish to have the flexibility to capitalize on the improved ability to resolve fine 

spatial structures and increased specificity (Yoo et al. 2004; Soltysik and Hyde 2008) from 

higher resolution fMRI data. Similarly, the reduced temporal SNR of fMRI data acquired 

with a SENSE acceleration factor of 2 is offset by the greater number of images collected, 

resulting in few significant differences in detection power of either functional activation or 

connectivity after spatial smoothing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

A number of previous studies have shown that the temporal signal to noise ratio (tSNR) is 

limited by the presence of physiological noise, since this noise scales with the signal (Kruger 

et al., 2001; Triantafyllou et al., 2006; Bodurka et al., 2007; Gonzalez-Castillo et al., 2011). 

If we define this scaling factor as λ, such that σp = λS, then the tSNR can be written as,

[1]

Where SNR is the spatial signal to noise ratio.

When the image is spatially smoothed, then in the best case scenario (i.e. if physiological 

noise is spatially uncorrelated, Eq. 4 from (Triantafyllou et al., 2006)), the tSNR can be 

expressed as,

[2]

Where V is the amount of smoothing, and SNRhigh is the SNR of the higher resolution 

image, prior to smoothing. A primary question of interest is how this smoothed tSNR 

compares to the tSNR of data acquired at a lower resolution. Since SNRlow = V SNRhigh 

(Eq. 4, (Bodurka et al., 2007)), Equation 2 becomes,

[3]

For comparison, the tSNR of the low resolution image is,

[4]

Note that in the absence of physiological noise, λ=0, and the tSNR for smoothed higher 

resolution data is reduced by a factor sqrt(V) compared to acquiring the data at higher 

resolutions.
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[5]

Note also that smoothing reduces the contribution of physiological noise. In regimes where 

physiological noise dominates, this can lead to an increase in tSNR. The detection power, of 

course, depends not only on the temporal SNR, but also on the number of acquired data 

points. Therefore, the detection power, D, can be written as:

[6]

Where k is a proportionality constant. If the data were acquired as quickly as possible (i.e. 

with the minimum TE and TR), then TR would be proportional to V, and equation 6 

becomes,

[7]

Where k2 is a proportionality constant. Note that in this case, the detection power of 

smoothed higher resolution data is always lower than the detection power of data acquired at 

the lower resolution, regardless of the amount of smoothing, SNR, or λ. However, a 

relatively long echo time (~30ms at 3T) is usually desired in fMRI, limiting the reduction in 

TR at lower resolutions.

When the influence of flip angle, TR, and T1 are included, equation 3 becomes (Gonzalez-

Castillo et al., 2011),

[8]

where

[9]

Similarly, the detection power, D, can be written as:
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[10]

[11]

For SNR=279, λ=0.0075, T1=1340ms, a flip angle of 60 degrees, and the TRs used in the 

current study, the tSNR for a spatially smoothed 128×128 acquisition will actually be quite 

similar to the tSNR for the lower resolution 64×64 acquisition, consistent with our 

observations for the resting-state data. However, according to equations 10 and 11, the 

detectability for the smoothed higher resolution acquisition is 28% lower than the 

detectability of the unsmoothed lower resolution acquisition. Setting the flip angle to the 

Ernst angle for each TR (instead of keeping it fixed at 60 degrees) would, according to 

equation 8, improve the tSNR of the higher resolution acquisition by 10%, but the 

detectability of the higher resolution acquisition would only improve by 5% and thus still be 

23% lower than the detectability of the lower resolution acquisition.
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Figure 1. 
Temporal SNR, CNR, and task-activation (mean Z-Score) are shown for unsmoothed and 

smoothed task fMRI data on the right and left, respectively. Temporal SNR (A and B) is 

shown for cerebral spinal fluid (CSF), grey matter (GM), and white matter (WM) masks. 

CNR (C and D) and task-activation (E and F) is shown for ROIs selected from task-

activation in the language, motor, and vision-processing regions as described in Methods, 

Task-Activation. Bar graphs are data are averaged across 8 subjects. Error bars indicate the 

standard deviation across subjects. Imaging parameters with a SENSE acceleration factor of 

2 are depicted with stripes.
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Figure 2. 
For each of the six imaging parameters, task-activation is depicted averaged across all eight 

subjects. Group maps from unsmoothed and smoothed task fMRI data are on the left and 

right, respectively, and shown at Talairach coordinate z = 49 mm (RAI) for Z-scores greater 

than 4.
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Figure 3. 
Temporal SNR, CNR, and task-activation (mean Z-Score) are shown for unsmoothed and 

smoothed resting-state fMRI data on the right and left, respectively. Temporal SNR (A and 

B) is shown for cerebral spinal fluid (CSF), grey matter (GM), and white matter (WM) 

masks. Resting-state functional connectivity (mean Z-score) is shown for both task-selected 

and spherical ROIs, as described in Methods, Functional Connectivity. Bar graphs are data 

are averaged across 8 subjects. Error bars indicate the standard deviation across subjects. 

Imaging parameters with a SENSE acceleration factor of 2 are depicted with stripes.
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Figure 4. 
For each of the six imaging parameters, task-selected left Motor ROI resting-state functional 

connectivity (RS-FC) is depicted averaged across all eight subjects (excluding the scan 

aborted early or corrupted by motion; see Methods). Group maps from unsmoothed and 

smoothed task fMRI data are on the left and right, respectively, and shown at Talairach 

coordinate z = 49 mm (RAI) for Z-scores greater than 3.
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Figure 5. 
For each of the six imaging parameters, posterior cingulate (PC) resting-state functional 

connectivity (RS-FC) is depicted averaged across all eight subjects (excluding the scan 

aborted early or corrupted by motion; see Methods). Group maps from unsmoothed and 

smoothed task fMRI data are on the left and right, respectively, and shown at Talairach 

coordinate z = 26 mm (RAI) for Z-scores greater than 5.
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