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34  Abstract

35  Accelerated functional Magnetic Resonance Imaging (fMRI) with ‘multiband’ sequences is now relatively
36  widespread. These sequences can be used to dramatically reduce the repetition time (TR) and produce a
37  time-series sampled at a higher temporal resolution. We tested the effects of higher temporal
38 resolutions for fMRI on statistical outcome measures in a comprehensive manner on two different MRI
39  scanner platforms. Experiment 1 tested a range of acceleration factors (1-6) against a standard EPI
40 sequence on a single composite task that maps a number of basic sensory, motor, and cognitive
41 networks. Experiment 2 compared the standard sequence with acceleration factors of 2 and 3 on both
42 resting-state and two task paradigms (an N-back task, and faces/places task), with a number of different
43 analysis approaches. Results from experiment 1 showed modest but relatively inconsistent effects of the
44  higher sampling rate on statistical outcome measures. Experiment 2 showed strong benefits of the
45 multiband sequences on results derived from resting-state data, but more varied effects on results from
46  the task paradigms. Notably, the multiband sequences were superior when Multi-Voxel Pattern Analysis
47 was used to interrogate the faces/places data, but showed less benefit in conventional General Linear
48 Model analyses of the same data. In general, ROI-derived measures of statistical effects benefitted
49  relatively little from higher sampling resolution, with decrements even seen in one task (N-back). Across
50 both experiments, results from the two scanner platforms were broadly comparable. The statistical
51 benefits of high temporal resolution fMRI with multiband sequences may therefore depend on a
52 number of factors, including the nature of the investigation (resting-state vs. task-based), the
53  experimental design, the particular statistical outcome measure, and the type of analysis used. Higher
54  sampling rates in fMRI are not a panacea, and it is recommended that researchers use multiband
55 acquisition sequences conservatively.
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66 Introduction

67  Acceleration in scanning speed is a long-standing goal of MRI research, and substantial gains in

68  acquisition speed have been achieved by advances in both hardware and software. One major advance
69 of particular interest to neuroimaging researchers is the development of ‘multiband’ or ‘Simultaneous
70 Multi-Slice’ (SMS) sequences for functional MRI (Moeller et al., 2008). These use multiband excitation
71 pulses to excite and collect multiple slices simultaneously, and provide increases in temporal resolution
72 in line with the number of slices acquired at once; so a multiband factor of two acquires two slices

73  simultaneously. This allows double the number of slices to be acquired in the same TR, or halves the
74  repetition time (TR) needed for the same number of slices. High (up to 16) acceleration factors have

75 been demonstrated (Moeller et al., 2008; 2010), that can substantially reduce the TR required for whole-
76  brain imaging, and produce time-series with very high temporal resolution. However, as an

77  undersampling technique, multiband sequences may produce decreased temporal signal to noise ratio
78 (tSNR; Chen et al., 2015) and increased levels of images artefacts, in particular ‘slice-leakage’ effects

79  (Barthetal., 2015; Todd et al., 2016). The trade-off between the benefit of higher temporal resolution
80  and the cost of higher levels of noise and/or artefacts is important to characterize as these sequences
81 become widely adopted.

82  The benefits of higher temporal resolution in fMRI may not be entirely obvious, considering that fMRI

83  samples the BOLD (Blood-Oxygen-Level-Dependent) effect; a relatively low-frequency signal. Sampling
84  this slow signal at a higher rate (beyond that necessary to adequately model it) may therefore seem to
85 provide little benefit. However, BOLD effects are usually quantified using statistical methods, and those
86  statistical tests depend crucially on the number of independent data points. Increasing the sampling rate
87  reduces the influence of noise on statistical measures of the BOLD signal in much the same manner as
88 more averaging of repeated measurements reduces the effect of noise and produces a more robust

89 estimate (Miller, Bartsch, & Smith, 2016). Higher sampling rates can therefore potentially benefit the

90  statistical outcome measures that researchers are often most interested in.

91 Previous work has shown that these sequences are indeed useful in this regard, within certain task

92 domains or experimental approaches. Smith et al. (2010) used multiband sequences to increase the

93 image resolution (2mm isotropic) of the entire brain with the same TR, and with signal-to-noise

94  characteristics equivalent to standard EPI sequences. These sequences were used in the Human

95  Connectome Project to generate high-resolution maps of functional connectivity using resting-state

96 fMRI. Todd et al. (2016) recently evaluated multiband sequences at several acceleration factors (2, 4,

97 and 6) and showed impressive gains on t-statistics, which varied depending on anatomical location, and

98  the precise reconstruction algorithm used. Boyacioglu et al. (2015) also demonstrated benefits of a

99 Multi-Band Multi-Echo (MBME) sequence over a conventional multi-echo sequence at 7T, using both
100 resting-state and task-activation data. Preibisch et al. (2015) found a substantial increase in sensitivity
101 for resting-state analyses with four-fold acceleration, but also noted that higher acceleration levels
102 produced artefacts.

103 While this previous work is useful, several unanswered questions remain. The majority of previous
104  evaluations of multiband sequences have used resting-state fMRI data, with only a few using basic
105 motor (finger-tapping) or visual (typically, gratings or checkerboards) stimulation paradigms (e.g. Todd
106 et al., 2016; Boyacioglu et al., 2015). These simple tasks are a classic method for evaluating fMRI

107 sequences, but in many ways are quite dissimilar to the tasks used in modern cognitive neuroscience
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108  research, which may be relatively complex, and activate a wider network of brain regions than simple
109  motor or sensory tasks. Secondly, there has been no published evaluation of the interaction between
110  use of multiband-accelerated sequences and factors related to experimental design. Conceivably, higher
111  temporal resolution scanning might be a particular benefit for fast event-related designs, relative to
112 block designs. Thirdly, different analysis approaches have not been compared; the effect of multiband
113 sequences on the signal-detection ability of conventional (i.e. General Linear Model-based) analysis of
114  task data, relative to its effect on Multi-Voxel Pattern Analysis (MVPA) is one example that is currently
115 undocumented. Finally, there have been no direct comparisons on the use of multiband sequences on
116 different scanner platforms. Scanner hardware might reasonably be expected to have relatively minor
117  effects, and a number of different scanner platforms have been used in previous evaluation work, but
118  there has never been a direct comparison.

119  Our aim was therefore to address some of these questions, by performing as comprehensive a test of
120 multiband acquisition sequences as possible, using several tasks, a number of different analysis

121  approaches, and two different scanner platforms (a long, 60cm bore system, and a short 70cm bore
122 system, both 3T). Our broad aim was to evaluate the ‘real-world’ performance of multiband sequences,
123 using (currently) typical experimental and analysis techniques. We conducted two main experiments.
124  The first sought to characterize the effect of a range of multiband acceleration factors (2-6) on a

125 complex task that maps a number of sensory, motor, and cognitive networks. We then used a narrower
126  range of acceleration factors (2 and 3) to comprehensively evaluate the statistical benefits of multiband
127  sequences in three paradigms (two cognitive tasks, and resting-state data), with a number of different
128  analysis approaches. We completed each experiment on both scanner platforms.
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129 Experiment 1 Methods

130 Participants

131  Ten healthy volunteers were recruited for Experiment 1 of the study (5M, 5F, mean age = 24.6, range
132 20-39). Standard MRI screening procedures were followed for all participants in advance of testing.
133 Informed consent was obtained from all the participants.

134 Data Acquisition

135 Data was acquired on two scanners of the same field strength, but different RF, gradient, and magnet
136 designs. Scanner 1 was a long bore 3T Siemens Tim Trio, and Scanner 2 was a short, wide bore 3T

137  Siemens Magnetom Verio. The in-built body coil was used for RF excitation and the manufacturer’s 32
138 channel phased-array head coil was used for reception in both scanners. Whole-head anatomical images
139  were acquired at the beginning of each scanning session using a Magnetization Prepared Rapid Gradient
140 Echo (MPRAGE) sequence using parameters from the Alzheimer’s Disease Research Network (ADNI-GO;
141 160 slices x 240 x 256, TR = 2300 ms, TE = 2.98 ms, flip angle = 9°, 1 mm isotropic voxels, bandwidth =
142 240Hz/pixel, parallel imaging (P1) factor =2; Jack et al., 2008). BO field images were acquired with a dual-
143 echo gradient-echo sequence (TR=599 ms, TE1=5.19 ms, TE 2 = 7.65 ms, flip angle = 60°, 3 mm

144 isotropic voxels, 35 axial slices, bandwidth = 260 Hz/pixel).

145 Six different functional sequences were used: a standard Echo-Planar Imaging (EPI) sequence, and five
146 multiband acquisitions with different levels of acceleration: 1, 2, 3, 4 and 6 (hereafter referred to as
147 MB1, MB2, MB3, MB4 and MB6). These sequences were based on the multiband EPI WIP v012b

148 provided by the University of Minnesota (Auerbach et al., 2013; Cauley et al., 2014; Setsompop et al.,
149 2012; Xu et al., 2013). Detailed characteristics of each sequence are shown in table 1. The sequences
150 were standardized across the two scanners as much as possible, however because of the different
151 hardware characteristics it was possible to set the bandwidth somewhat higher on Scanner 1 (2232
152 Hz/pixel) than on Scanner 2 (1906 Hz/pixel) due to gradient heating. A 3 mm isotropic resolution in a
153 192 mm FOV was acquired with interleaved slice acquisitions, and the TR was progressively shortened
154  with increasing levels of multiband acceleration (down to a minimum of 333 ms for the MB6 sequence).
155  The Ernst angle for each TR was used for excitation.

Scanner Sequence TR [ms] Number of Number of Flipangle Echotime Bandwidth

Slices volumes (degrees) [ms] [Hz/pixel]
Standard EPI 2000 36 170 80 30 2232
MB1 2000 36 170 80 30 2232
MB2 1000 36 340 62 30 2232
1 MB3 666 36 510 55 30 2232
MB4 500 36 676 47 30 2232
MB6 333 36 1006 40 30 2232
Standard EPI 2000 35 170 80 30 1906
MB1 2000 35 170 80 30 1906
MB2 1000 36 340 62 30 1906
2 MB3 666 36 510 55 30 1906
MB4 500 36 676 47 30 1906
MB6 333 36 1006 40 30 1906

156 Table 1. Functional data acquisition sequences used in experiment 1.
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157 Procedure and Tasks

158 Prior to the main experiment, a MRI phantom was used to collect one scan of each of the six sequences
159  on each scanner. One hundred volumes of each sequence were collected, and these were used to
160 calculate basic temporal signal-to-noise (tSNR) characteristics for all the sequences.

161 In the main experiment, participants viewed the visual stimuli through a mirror attached to the head coil
162 that provided a view of a screen placed in the back of the scanner bore. Images were back-projected
163 onto this screen through a waveguide in the wall of the scanner room. Auditory stimuli were delivered
164  to the participant through MRI-compatible pneumatic headphones. Both scanners had similar audio-
165 visual hardware.

166  The fMRI task (programmed using PsychoPy; Peirce, 2007) presented a battery of stimuli in order to

167  assess an array of basic sensory and cognitive functions, and was adapted from Pinel et al.’s (2007)

168 paradigm. The instructions/stimuli were either presented on screen (visual) or via the headphones

169  (auditory). The four trial types were: a) visual gratings (high, medium, or low contrast; 30 trials), b)

170 simple mental calculations (audio or visual instructions; 20 trials), c) pressing the left or right response
171 key three times (visual or audio instructions; 20 trials) d) listening to or reading short sentences, e.g.

172 “warm countries attract tourists” (20 trials). The combination of these four tasks and the variation in
173 auditory and visual instructions allowed the mapping of five basic functional brain networks: visual,

174  auditory, motor, cognitive, and language. The visual grating was a vertically-oriented sinewave patch
175  with a Gaussian mask, which subtended approximately ten degrees of visual angle, had a period of 0.625
176 degrees of visual angle, and drifted to the right at a rate of 3.33 degrees/s. Three versions of the grating
177  were generated varying in contrast level: high (100%), medium (25%) and low (5%). Randomly

178 intermixed within the stimulus sequence were 20 null (blank screen) trials (also three seconds) in order
179  to provide a baseline condition. Trials were presented in pseudo-randomised order in a single run of 110
180 trials of three seconds each.

181 Each complete scanning run lasted 5 minutes and 40 seconds. Seven versions of the battery task were
182  created in which trials were presented in a different pseudorandom order. Participants performed the
183 task seven times (one for each sequence: standard EPI, MB1, MB2, MB3, MB4, MB6, plus an additional
184  standard EPI sequence; see analysis section below). The order of the acquisition sequences was

185 randomised for each participant and each scanner, and subjects were blinded to which sequences were
186  being performed during the scan. The total scanning session time was approximately 60 minutes.

187 Participants completed two identical scanning sessions, one on each of the MRl scanners, also in a

188  randomised order.

189
190  Analysis

191 BOLD time-series from the 100-volume phantom scans were processed using custom MATLAB
192 (Mathworks Ltd.) code and tSNR characteristics were calculated by dividing the temporal mean by the
193  temporal standard deviation (Chen et al., 2015).

194  All the functional and anatomical data were preprocessed using FSL (FMRIB Software Library v5.0.4). BET
195 was used for brain extraction of the anatomical data. Functional data preprocessing included motion
196  correction, spatial smoothing with a 6 mm FWHM Gaussian process, high-pass temporal filtering (100 s),
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197  and a two-step coregistration to the subject’s individual anatomical image and an anatomical template
198  image in standard stereotactic space (MNI152).

199 Data analysis for individual subjects was conducted in FSL’s FEAT module using the general linear model
200 and FILM pre-whitening. Separate regressors were defined for the audio and visual variants of the motor,
201 calculation, and language tasks, with three additional regressors modelling the three contrast levels of
202  the visual grating stimulus, resulting in a total of nine task regressors. Head-motion parameters were

203 included as regressors of no interest. The task regressors were convolved with a standard Gamma

204  function (SD =3 s, lag = 6 s) in order to model the HRF. Contrasts were computed that compared each
205 individual task component with the baseline (null trials). For visual trials a mean contrast that compared
206  the three grating conditions was compared to baseline.

207  The first-level analyses of all the subjects were combined into group level analyses using mixed effects
208  (FLAME-1) models. A set of 14 group-level models were produced, one for each acquisition sequence
209 performed on each scanner. A statistical threshold of Z = 2.3 (p < 0.05 cluster-corrected for multiple
210  comparisons) was used for all group analyses.

211

212 The group level results from one of the standard EPI sequences on each scanner were used purely as
213 functional localizers, to define Regions Of Interest (ROIs). This ensured that the ROI definition used

214  entirely separate data and was unbiased. The ROls were based on a set of key regions corresponding to
215  the major activation clusters in the task: 1) primary visual areas in the occipital lobe, 2) primary auditory
216 areas in the temporal lobe, 3) motor cortex (left hemisphere), 4) number/magnitude regions in the

217 intraparietal sulcus (Fias et al., 2003; Shuman & Kanwisher, 2004; Bueti & Walsh, 2009), and 5)

218  Wernicke’s and Broca’s area in the left hemisphere (see figure 1). Data from these ROls were then

219  extracted from the other six sets of results produced on each scanner.

220

221  Two summary measures were calculated from the data. The first was a simple mean of the parameter
222 estimate values within each ROI, re-calculated to represent % BOLD signal change from baseline; this
223 reflects common practice in fMRI experiments. The second was the mean of the top 1% of Z scores

224  across the brain, as previously used in Todd et al. (2016). This gives a measure of the top range of Z

225 scores that is more reliable than simply using the peak score in the image. These two metrics were

226 chosen as they relate directly to the amplitude of activation. Other measures that relate more to the
227 spatial extent of activation clusters (such as number of activated voxels) may be problematic for

228 multiband sequences because of ‘slice leakage’ effects, which reduce the independence between slices,
229  can alias activations from one simultaneously-acquired slice to another, and create false positive

230  activations at higher (4-6) acceleration levels. (Todd et al., 2016). Significant differences between both of
231  these summary measures across the six differences were assessed using standard statistical methods
232 (ANOVA and t-tests).
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Scanner 1 Scanner 2

233
234 Figure 1. ROl masks used in experiment 1 (auditory: red, calculation: green, motor: pink, visual: yellow, language:

235 blue) from scanner 1 (a) and scanner 2 (b). ROIs were defined based on an independent localiser scan conducted in
236 the same session as the main experimental data, using a standard EPI sequence.

237
238  Experiment 1 Results

239  Temporal signal-to-noise measures

240 Figure 2a shows the results of the tSNR analysis performed in both scanners (Scanner 1 on the left and
241  Scanner 2 on the right). There is an increase in tSNR for MB1 and MB2 compared to the Standard EPI,
242 while MB3 is approximately the same level as the Standard EPI. Furthermore, a trend of reduced tSNR is
243  observed in the more accelerated multiband sequences (MB4 and MB6) in both scanners.

244 BOLD statistical maps

245  As expected, the whole-brain analysis for the fMRI battery task revealed significant activation in key
246 areas across all the sequences tested in both scanners. However the strength and extent of activated
247  voxelsin each functional area varied (see figure 2). The standard EPI sequence produces adequate BOLD
248 activation, with active voxels in the MB1, MB2, and MB3 sequences showing a similar pattern of

249  intensity and spatial extent. However, the MB4 and MB6 maps are somewhat poorer, with reduced

250  activation clusters for the motor and language tasks in particular. In addition visual activation in the

251  occipital lobe is reduced in the fastest MB4 (Scanner 1) and MB6 (both scanners) sequences.

252 ROI analysis

253 ROIs (see figure 1) were defined based on independent data collected during each scanning session. A 2
254  (Scanner) by 6 (acquisition sequence) by 5 (trial condition) ANOVA was performed on the ROl data, and
255  showed a main effect of scanner (F[1,9] = 7.463, p = 0.023), a main effect of task condition (F[4,36] =
256 110.941, p < 0.001) and an interaction between scanner and task condition (F[4,36] = 15.177, p < 0.001).
257  Since our primary interest is comparing the multiband sequences with the standard EPI sequence, post
258  hoc analyses with t-tests focussed on this aspect of the data. These showed that the six sequences

259  perform relatively comparably in terms of mean % BOLD signal within ROIs (see figure 2b). Sensitivity
260  appears to drop off somewhat with the highest acceleration factors, and the reduced mean % BOLD
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261  signal in MB6 compared to the standard EPI is statistically significant for the auditory and language trials
262  onScanner 2. See table 2 for all statistical results.

263

ST EPI - MB1 ST EPI - MB2 STEPI- MB3 STEPI- MB3 ST EPI - MB6

Scanner Condition

t p t p t p t p t p
Visual -0.216 0.834 0.291 0.777 -0.219 0.831 0.145 0.888 0.968 0.358
Auditory 0.246 0.811 -0.136 0.895 0.961 0.362 0.581 0.575 1.155 0.278

1 Motor -0.168 0.870 -0.642 0.537 0.575 0.580 0.350 0.734 1.958 0.082

Language -0.775 0.458 -0.515 0.619 0.693 0.506 -0.040 0.969 0.992 0.347
Calculation -0.671 0.519 0.213 0.836 -0.344 0.738 -0.106 0.918 -0.592 0.568

Visual 2.122 0.063 0.810 0.439 0.220 0.831 0.449 0.664 0.951 0.366
Auditory 1.273 0.235 0.955 0.365 -0.537 0.604 1.435 0.185 4.114 0.003
2 Motor -0.343 0.739 -0.093 0.928 -1.212 0.256 0.397 0.701 -0.343 0.739

Language 0.595 0.566 0.691 0.507 -0.567 0.585 0.734 0.481 3.386 0.008
Calculation -0.898 0.393 -0.057 0.955 -1.733 0.117 -0.411 0.690 0.149 0.885
264 Table 2. Paired t-test results of ROl data from experiment 1, comparing the standard EPI sequence with the
265 multiband sequences, for all task conditions. All p values are two-tailed, and all degrees of freedom = 9. Significant
266 (<0.05) p values are highlighted in bold text.

267

268 Highest 1% of activated voxels

269  An ANOVA (with the same design as in the previous section) on these data showed no significant main
270  effect of scanner (F[1,9] = 0.167, p = 0.692), but significant main effects of acquisition sequence (F[5,45]
271  =4.388, p =0.002) and trial condition (F[4,36] = 10.883, p < 0.001). Also present were interactions

272 between scanner and trial condition (F[4,36] = 3.696, p = 0.013), acquisition sequence and trial condition
273 (F[20,180] = 1.817, p =0.022) and all three factors (F[20,180] = 2.548, p < 0.001). Post hoc tests again
274  focussed on the critical comparison between the standard and multiband sequences. Here the

275 multiband-accelerated sequences generally out-performed the standard sequence. The mean of the top
276 1% of activated voxels in each of the five contrasts/ROls showed a trend of increasing Z scores across all
277  contrasts in both scanners (see figure 1c). The statistical results showed that the gains on Scanner 1

278  were marginal, with few significant differences. However, the increase in the top range of Z scores on
279 Scanner 2 was more reliable, with a coherent pattern of significant increases in Z scores across

280  multiband acceleration factors in the majority of the contrasts (excepting the auditory and language
281  aspects of the task). See table 3 for all statistical results.

282
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. STEPI - MB1 ST EPI - MB2 ST EPI - MB3 STEPI - MB4 ST EPI - MB6
Scanner Condition
t p t p t p t p t p

Visual -0.764 0.465 -1.178 0.269 -2.364 0.042 -1.887 0.092 -0.758 0.468
Auditory -1.279 0.233 -1.908 0.089 -2.574 0.030 -2.853 0.019 -2.735 0.023

1 Motor -0.547 0.598 -0.627 0.546 -1.512 0.165 -1.717 0.120 -0.660 0.526
Language -1.789 0.107 -0.782 0.455 -1.119 0.292 -0.950 0.367 -1.548 0.156
Calculation -0.988 0.349 -1.293 0.228 -1.793 0.107 -2.222 0.053 -1.920 0.087

Visual -0.971 0.357 -1.502 0.167 -2.402 0.040 -2.911 0.017 -2.621 0.028
Auditory -0.827 0.430 -3.697 0.005 -2.217 0.054 -1.540 0.158 -1.916 0.088

2 Motor -1.235 0.248 -2.201 0.055 -2.406 0.040 -2.312 0.046 -2.525 0.032
Language -1.128 0.289 -1.982 0.079 -1.721 0.119 -2.350 0.043 -1.859 0.096
Calculation -2.687 0.025 -2.679 0.025 -4.651 0.001 -5.550 0.001 -2.274 0.049

Table 3. Paired t-test results from experiment 1 of the highest 1% of activated voxels, comparing the standard EPI
sequence with Multiband sequences. All p values are two-tailed, and all degrees of freedom = 9. Significant (<0.05)
p values are highlighted in bold text.
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287 Figure 2. Results from experiment 1. a) Temporal signal-to-noise measures of the six sequences from both

288 scanners. b) Mean % BOLD signal change from a set of independently-defined ROIs (* = p < 0.05). Only congruent
289 ROl data is shown, i.e. vision columns show results from the visual task conditions, in the visual (occipital) ROI,
290 auditory columns are the auditory task conditions in the auditory (superior temporal lobe) ROI, etc. c) Mean of the
291 top 1% of Z scores in the statistical map from each contrast (* = p < 0.05). Error bars are standard errors.

292

a Scanner 1 b Scanner 2
4 £ \ 3 ™ - ~\\
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293

294 Figure 3. Group-level statistical maps for each MRI sequence (Standard EPI, MB1, MB2, MB3, MB4, MB6) showing
295 results for the five task conditions assessed in the fMRI battery task: vision (yellow), auditory (red), motor (pink),
296 calculations (green) and language (blue). Results from Scanner 1 are on the left and results from Scanner 2 are on
297 the right. All statistical maps are thresholded at Z = 2.3, p < 0.05 (cluster corrected for multiple comparisons).

298
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299 Experiment 1 Discussion

300 Results from experiment 1 were somewhat mixed, with a clear decrease in tSNR at higher acceleration
301  factors, and only marginal differences when conventional analysis methods (calculating % BOLD signal
302 change in ROIs) are used. However, the analysis of the mean of the top 1% of Z scores showed some
303 benefit of the multiband sequences on the top range of the statistical results, suggesting somewhat
304  stronger effects and more robust statistics.

305 The task used in experiment 1 was a fast event-related paradigm, designed to map a number of basic
306 sensory, motor, and cognitive functions in as short a time as possible. This task was chosen as it provides
307  several different readouts, and its short duration still allowed seven repetitions in a single scanning

308 session without excessive subject fatigue. However, the design is not entirely typical for an fMRI

309 experiment, with short trials, presented almost continuously. It is possible that the statistical benefit of
310 short-TR multiband sequences might be more evident with a different task design. Taking into

311  consideration all the results of experiment 1, the highest-performing sequences (in terms of tSNR, and
312 the results from the main experiment) were MB2 and MB3. It was therefore decided to test the MB2
313 and MB3 sequences against the standard EPI sequence, on several different tasks, and using a variety of
314  analysis approaches. This was the aim of experiment 2.

315

316 Experiment 2 Methods

317 Participants

318 Fourteen healthy volunteer participants were recruited and tested on each scanner (Scanner 1: 7M, 7F,
319 mean age = 24.86 range = 21-33; Scanner 2: 9M, 5F, mean age = 26.36, range = 21-39). Standard MRI
320 screening procedures were followed for all participants in advance of testing. Informed consent was
321  obtained from all the participants.

322 Data Acquisition

323  The standard EPI, MB2, and MB3 sequences used in experiment 2 were the same as those used in

324  experiment 1 (see table 1), with the only difference being the number of volumes acquired in each

325  sequence (see description of tasks below). High-resolution T1 images and BO field-maps were also

326  acquired at the beginning of each session, also using the same sequences as experiment 1 and described
327  above. As in experiment 1, data was acquired on both scanner platforms.

328  Procedure and Tasks
329 Experiment 2 employed a within-subjects design with an event-related design task, a block-design task,
330 and a resting state scan. Both the tasks were programmed in PsychoPy (Peirce, 2007).

331  The event-related paradigm was a faces/places task (Epstein & Kanwisher, 1998; O’Craven & Kanwisher,
332 2000; Pegors et al., 2015). Face images were taken from the Chicago Face Database (Ma, Correll, &

333 Wittenbrink, 2015), and were balanced for gender and ethnicity. Happy and fearful facial expressions
334  from the same 12 individual were used, with 24 stimuli in total. The ‘places’ stimuli were acquired

335  through internet searches of standard stock image libraries using Google image search (all

336  royalty/copyright free images, labelled for reuse). Twelve ‘positive’ place images (attractive

337 neighbourhoods, peaceful landscapes, etc.) and 12 ‘negative’ images (war-torn landscapes, bombed
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338  buildings, etc.) were acquired and used in the task. Each image was presented for 2 seconds, during

339  which the participants were asked to classify each image as either “positive” or “negative” using two
340 keys (index and middle finger, respectively) on a response box. Presented at the bottom of the screen
341  was a small schematic of a hand with the responses marked near the index and middle fingers, as a

342 reminder of the response mappings. Inter-trial-intervals (ITIs) of variable duration (2-10s) with a mean of
343  5.5s and an approximately Poisson distribution (Hagberg et al., 2001) were used, during which the

344  screen was blank. There were 48 trials, and three different pseudo-random stimulus sequences were
345 programmed for use in the three repetitions of the task in each scanning session. The total duration of
346  the task was 6 minutes.

347  The block-design paradigm was an N-back task designed to tax working memory capacity, adapted from
348 Ragland et al (2002). Alternating 0-back and 2-back blocks were presented. For the 0-back blocks, the
349  participants had to remember an initial target letter and respond whether the subsequent letters

350 matched the target. In the 2-back blocks, the participants had to recall whether each letter presented on
351 the screen matched the letter that was presented two trials before. Participants responded using an

352 MRI-compatible response box, with the index and middle finger of the right hand used for ‘yes’ and ‘no’
353 responses, respectively. Each block lasted 20 seconds, contained 10 two-second trials, and was followed
354 by a 10 second rest period. Six repetitions of each block type were presented, for a total task time of six
355 minutes.

356  The final paradigm was a six minute resting state scan. Participants were instructed to keep their eyes
357 open, and to relax. A blank screen was displayed for the duration of the scan.

358  The first scan was always the faces/places task, followed by the N-back task, followed by the resting-
359 state, and this order was maintained throughout the scanning session. Each task was presented three
360 times for a total of nine in a session, with a different acquisition sequence (standard EPI, MB2, or MB3)
361 used for each set of three tasks. The order of acquisition sequences was randomised across participants,
362 and all participants were blinded to which acquisition sequence was being used on which tasks while in
363 the scanner. Scanning sessions on each scanner were identical, and 12 of the 14 subjects completed
364 both sessions. Four subjects completed sessions on only one scanner.

365 Analysis
366 Pre-processing of the anatomical and functional data was exactly the same as in experiment 1.

367  Analysis of the N-back task in FSL's FEAT module used the 0-back and 2-back blocks modelled as

368  explanatory variables, and also included standard head-motion regressors. The same Gamma function
369  was used to model the HRF as in experiment 1. Contrasts were computed to model the effects of each
370  condition alone (relative to the baseline segments of the time-series), and 2-back > 0-back.

371 For the faces/places task the experimental conditions were: face +ve, face -ve, place +ve, and place -ve.
372 Individual regressors were produced for each, and the model also included the first temporal derivative
373  of each regressor, as well as the standard head-motion parameters. The HRF was modelled with the
374  same standard Gamma function. Contrasts were computed to model the effects of each condition alone
375 (relative to baseline) as well as to examine the effects of faces > places (and vice versa) and positive >
376  negative (and vice versa).
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377 For the resting-state data, seed-based connectivity analyses were performed using Posterior Cingulate
378 Cortex (PCC) and anterior insula masks (see figure 4), both derived from Neurosynth (using thresholded
379  versions of the ‘default’ and ‘salience’ term maps, respectively;

380 http://neurosynth.org/analyses/terms/default/ and http://neurosynth.org/analyses/terms/salience/).
381 These standard-space masks were back-projected into individual subject space, and time-series were
382  extracted from the ROIs for each individual subject. These formed the basis for defining three networks,
383 the Default-Mode Network (DMN; defined as positive connectivity with the PCC seed region; Fox &
384 Raichle, 2005), the Executive Control Network (ECN, defined as negative connectivity with the PCC seed
385 region; ibid.) and the Salience Network (defined as positive connectivity with the anterior insula seed-
386 region; Seeley et al., 2007; Goulden et al., 2014). Individual subjects’ anatomical images were

387  segmented (using FSL's FAST module), and mean white matter and CSF time-series were produced,

388  using the separate anatomical masks. These were included in the model as regressors of no interest,
389  along with standard head-motion regressors.

390 The first-level analyses of all the paradigms were combined into group analyses using mixed effects

391 (FLAME-1) models. As for experiment 1, a statistical threshold of Z=2.3, (p < 0.05 cluster-corrected for
392 multiple comparisons) was used for all group analyses. A set of six group-level analyses were produced
393 for the N-back and faces/places task (three sequences, tested on the two scanners) and a set of 18

394 models was produced for the resting-state data (three different defined networks, using three

395  sequences, on two scanners). Subsequent ROl analysis was conducted using ROIs derived from the

396  ‘working memory’ term on Neurosynth (http://neurosynth.org/analyses/terms/working%20memory/)
397  for the N-back task. ROlIs for the faces/places task were defined based on the ‘faces’ and ‘place’ terms
398  on Neurosynth (http://neurosynth.org/analyses/terms/faces/ and

399 http://neurosynth.org/analyses/terms/place/). This independent definition of the ROIs based on

400 automated meta-analysis of the previous literature provided an unbiased and objective ROI definition.
401 Data was extracted from these ROIs for each task condition in both tasks, relative to baseline, for each
402 sequence, and for data from each scanner. As in experiment 1, two different summary measures were
403  computed; a ROI-based measure of BOLD percentage signal change from baseline, and a measure of the
404  top 1% of Zvalues in the statistical maps. The latter measure was also used to quantify the resting-state
405 data.

406  Additional analyses of the resting-state data used the dual regression procedure (Beckmann et al., 2009)
407  and a set of 10 canonical resting-state networks identified by Smith et al. (2009). Data were pre-

408 processed using FSL’s Melodic module with the same settings for pre-processing as used previously, and
409 dual regression was carried out using the 10 Smith et al. (2009) networks as the inputs. Six separate dual
410  regressions were carried out, one for each sequence on each scanner. This produced a set of 10

411 individualised networks for each subject/sequence/scanner, which could be compared using the top 1%
412 of Zvalues metric.

413 Additional analyses were conducted on the faces/places task data using a Multi-Voxel Pattern Analysis
414 (MVPA) approach, as instantiated in the Pattern Recognition of Brain Image Data (PROBID,

415 http://www.brainmap.co.uk/probid.htm, version 1.04) toolbox for Matlab. This approach was used to
416  test the classification of the positive/negative dimension of the stimuli (as in Pegors et al., 2015), which
417  we hypothesized to be weaker and less spatially distinct than the relatively well-replicated and stronger
418 difference between face and place stimuli (e.g. Epstein & Kanwisher, 1998; O’Craven & Kanwisher,

419  2000). Both Support-Vector Machine (SVM) and Gaussian-Process Classifiers (GPC) were used to
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420  separately test the three sequences from the two scanners, with a whole-brain mask used for all

421  analyses. Inputs to the classification algorithms were the contrast files (positive > baseline, and negative
422 > baseline) resulting from the first-level univariate analyses. Permutation tests were used to determine
423  the statistical significance of the conducted analyses. For each comparison p-values were obtained by
424  permuting the class labels 1000 times.

425

426

427 Figure 4. ROI masks for tasks of Experiment 2. a) Anterior Insula seed-region used to define the salience network.
428 b) PCC seed-region, used to define the default mode and executive control networks. c) Faces/Places mask (red:
429 face, blue: place). d) Working memory ROI mask used in the N-back task. All masks derived from statistical maps
430 downloaded from http://www.neurosynth.org/ (see main text), in order to provide ROl definitions independently
431 from the main experimental data.

432

433  Experiment 2 Results

434  Faces/Places Task

435 Inspection of the statistical maps from the three sequences (see figure 8a) showed a broadly similar

436 pattern of results, with hippocampal and para-hippocampal regions responding strongly to place stimuli
437  and ventral visual regions in the fusiform responding preferentially to face stimuli (in line with previous
438  work, e.g. Epstein & Kanwisher, 1998). ROl data was analysed using a 2 (scanner) by 3 (acquisition

439  sequence) by 4 (task condition) ANOVA model. This showed only a significant main effects of task

440  condition (F[3,39] =22.17, p < 0.001). Hypothesis-driven post hoc tests again compared multiband to the
441  standard sequence. A significant difference is only seen between the standard EPl and MB3 sequences
442  for the face —ve stimuli on Scanner 1 (see table 4, and figure 5a). Analysis of the highest 1% of activated
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443  voxels using the same ANOVA model showed significant main effects of acquisition sequence (F[2,26] =
444  28.79, p < 0.001) and task condition (F[3,39] = 67.537, p < 0.001). Post hoc comparisons revealed a

445  consistent significant increase for both multiband sequences compared to the standard EPI, across all
446  stimuli and both scanners (excepting place —ve stimuli on Scanner 2; figure 5b and table 5). Differences
447  between MB2 and MB3 were small, and not statistically robust.

448 Further analysis on the valence dimension of the stimuli using MVPA showed poor performance (not
449  significantly different to chance/50%) of the classifier algorithms for the standard EPI sequence (figure
450  5c). However, classification performance on the MB2 and MB3 sequences was improved, and

451 statistically reliable (with the exception of the MB3 sequence using the SVM classifier, on Scanner 2).
452  This suggests that the MB2 and MB3 sequences are better at providing distinctive patterns of BOLD
453 activation between positive and negative images.
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455 Figure 5. Results for Faces/Places task in Experiment 2 comparing the Standard EPI sequence with MB2 and MB3.
456 a) Mean % BOLD signal change from the ROl masks for faces and places (see figure 4). b) Mean of the top 1% of Z
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scores in the statistical map from the faces/places contrasts c) MVPA analysis % accuracy results for each sequence
using both Support Vector Machine (SVM) and Gaussian Process Classifier (GPC) algorithms. * = p < 0.05, ** = p <
0.01. Error bars are standard errors.

N-back Task

The patterns of BOLD activation found in this task were again reasonably similar across the three
sequences (see figure 8b) and also consonant with previous work using similar tasks (Owen et al., 2005).
A 2 (scanner) by 3 (acquisition sequence) by 2 (task condition) ANOVA showed only a main effect of task
condition (F[1,13] = 181.809, p < 0.001). Comparison of sequences using t-tests revealed that mean %
BOLD change (Figure 6a) is decreased across stimuli/tasks in the multiband sequences compared to the
standard-EPI sequence. Specifically, MB2 on Scanner 1 shows a significant decrease for the 0-back, while
MB3 shows significant decreases in both 0- and 2-back conditions. In contrast, analysis of the mean of
the top 1% of voxels (Figure 6b), using the same ANOVA model showed significant main effects of task
condition (F[1,13] = 5.841, p = 0.031) and acquisition sequence (F[2,26] = 49.311, p < 0.001). Detailed
comparison reveals that MB2 and MB3 very consistently produced a significant increase in the top range
of Z values in both task conditions (0- and 2-back), in both scanners (figure 6b and table 5).
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Figure 6. Results for N-back task in Experiment 2 comparing the Standard EPI sequence with MB2 and MB3. a)
Mean % BOLD signal change from the ROl mask for working memory (see figure 4). b) Mean of the top 1% of Z
scores in the statistical map from 0-back and 2-back contrasts. * = p < 0.05. Error bars are standard errors.
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479 Resting State Data

480 A statistical analysis was performed on the mean of the top 1% of activated voxels from the seed-based
481 analysis of the three pre-determined resting state networks (DMN, ECN, and Salience network). A 2

482 (scanner) by 3 (acquisition sequence) by 3 (resting state network) ANOVA showed significant main

483 effects of acquisition sequence (F[2,26] = 19.77, p < 0.001) and network (F[2,26] 830.311, p < 0.001), as
484  well as an interaction between sequence and network (F[4,52] = 8.652, p < 0.001). Detailed comparisons
485 show an increase in activation in MB2 for the Default Mode Network on both scanners (Figure 7a) and
486  the Executive Control Network on Scanner 1. In addition MB3 shows increased activation in the Default
487 Mode network on Scanner 2, and in the Salience Network on both scanners.

488 A2 (scanner) by 3 (acquisition sequence) by 10 (resting state network) ANOVA was performed on the 10
489  networks derived from Smith et al (2009). This showed significant main effects of acquisition sequence
490  (F[2,26] =419.938, p <0.001) and network (F[2,26] 85.196, p < 0.001), as well as an interaction between
491 sequence and network (F[4,52] = 20.399, p < 0.001). Post hoc tests showed a significant increase in the
492 mean of the top 1% of Z values in the visual networks (1-3), the default mode network (4) and the left-
493 lateralised fronto-parietal network (9) in both MB2 and MB3, and on both scanners. Furthermore, the
494  multiband sequences produced higher statistical values in sensorimotor (6), and right-lateralised fronto-
495 parietal (10) networks on Scanner 1, and in the auditory (7) and executive (8) networks on Scanner 2
496  (see figure 7b).
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498 Figure 7. Results for Resting State data in Experiment 2 comparing the Standard EPI sequence with MB2 and MB3.

499 Mean of the top 1% of Z scores in: a) three seed-region based analyses: PCC for Default Mode Network and
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Executive Control Network, and anterior insula for the Salience Network (see figure 4), * p < 0.05, and b) on the 10
resting state networks defined by Smith et al (2009), * (beneath the x axis) = p < 0.05 for all pairwise comparisons

(i.e. ST-EPI vs. MB2, ST-EPI vs. MB3, MB2 vs. MB3). Error bars are standard errors.

Scanner Task Condition ST EPI vs. MB2 ST EPI vs. MB3 MB2 vs. MB3
t p t P t p

Faces/Places Faces +ve -1.993 0.068 -1.805 0.094 0.6635 0.5186

Faces -ve -2.317 0.037 -0.908 0.380 0.5731 0.5764

1 Places +ve  -1.409 0.182 -0.886 0.392 0.6959  0.4986

Places -ve -1.649 0.123 -0.584 0.569 0.1032 0.2064

N-back 0 back 3.270 0.006 3.268 0.006 -0.258  0.8003

2 back 0.437 0.669 2.716 0.018 1.7353  0.1062

Faces/Places Faces +ve -0.791 0.443 0.470 0.939 0.8682  0.401

Faces -ve -1.354 0.199 -1.593 0.135 0.5731  0.5764

2 Places tve  -0.919 0.375 -0.751 0.466 0.3083  0.7628

Places-ve  -0.254 0.804 0.617 0.548 0.845 0.4134

N-back 0 back 0.039 0.970 1.051 0.312 1.7663  0.1008

2 back 0.068 0.947 1.714 0.110 2.4455  0.0295

Table 4. Paired t-test results of ROI data from experiment 2, comparing the standard EPI sequence with the MB2
and MB3 sequences. Significant (< 0.05) p values are highlighted in bold text. All p values are two-tailed, and all

degrees of freedom = 13.
Scanner Task Condition ST EPI - MB2 STEPI - MB3 MB2 - MB3
t p t p t p

Faces/Places Faces +ve -5.705 <0.001 -6.075 <0.001 -1.447 0.1715

Faces -ve -5.921 <0.001 -6.117 <0.001 -0.274  0.7882

Places +ve -4.789 <0.001 -3.546 0.004 -0.488 0.634

Places-ve -5.297 <0.001 -3.811 0.002 -0.268  0.7928

1 N-back 0 back -8.348 <0.001 -6.732 <0.001 -2.707  0.0179
2 back -7.263 <0.001 -6.103 <0.001 -1.3 0.216

Resting State DMN -3.692 0.003 -7.290 <0.001 -1.801  0.0949

ECN -3.011 0.010 -1.980 0.069 0.4217 0.6801

SN -1.009 0.331 -4.553 0.001 -5.317  0.0001

Faces/Places Faces +ve -3.872 0.002 -4.641 0.000 -0.171 0.867

Faces -ve -5.076 <0.001 -4.595 0.001 -0.037  0.9709

Places +ve -4.398 0.001 -5.721 <0.001 -0.858  0.4066

Places-ve -4.718 <0.001 -5.765 <0.001 -0.423 0.679

2 N-back 0 back -4.353 0.001 -4.333 <0.001 -2.724  0.0174
2 back -5.729 <0.001 -6.270 <0.001 -2.583  0.0227

Resting State DMN -2.594 0.022 -3.486 0.004 -1.54 0.1476

ECN -1.670 0.119 -1.417 0.180 0.5779  0.5732

SN -0.488 0.634 -4.230 0.001 -3.402  0.0047

Table 5. Paired t-test results of the highest 1% of activated voxels, comparing the standard EPI sequence with the
MB2 and MB3 sequences. Significant (< 0.05) p values are highlighted in bold text. All p values are two-tailed, and
all degrees of freedom = 13.
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512 Figure 8. Group-level statistical maps for each MRI sequence (Standard EPI, MB2, MB3) in the three experimental
513 paradigms used in experiment 2. a) Faces/Places task: results from the faces>places contrast in red-yellow and
514 results from the places>faces task in blue-cyan. b) N-back task: results from the 2>0-back contrast in red-yellow. c)
515 Resting State scan using the PCC and anterior insula seed-regions: Default Mode Network in red, Executive Control
516 Network in green and Salience Network in blue. All statistical maps are thresholded at Z = 2.3, p < 0.05 (cluster
517 corrected for multiple comparisons).

518

519 General Discussion

520 Experiment 1 demonstrated that use of multiband sequences significantly increased the mean of the top
521 range of statistical values in the results, though gains were relatively modest and not completely

522 consistent across task conditions and the two scanners tested. Importantly, when conventional analysis
523 techniques were used (calculating the mean of independently-defined ROIs), no particular advantage of
524  higher temporal resolution scanning was evident. Experiment 2 showed much more consistent and

525 substantive effects for both the faces/places and N-back tasks on the top range of statistical scores, but
526 again, these benefits did not translate to more typical ROI-based analysis techniques, with significant
527 decreases in measures of percentage signal change seen for the multiband sequences on the N-back

528  task. The MVPA of the valence dimension of the faces/places task showed a strong benefit, with

529  significant classification performance only seen in the MB2 and MB3 sequences. In the resting-state data
530 from experiment 2, multiband sequences produced relatively modest (but consistent) increases in the
531 top range of Z scores using seed-based analyses of the DMN, ECN and Salience network. However,

532 impressive gains in sensitivity were seen in the resting-state data when an ICA-based dual regression
533 (Beckmann et al., 2009) approach was used, with dramatic increases in the top range of statistical values
534  across the majority of a set of 10 standard resting-state networks (derived from Smith et al., 2009).

535 Perhaps the most interesting aspect of these data is the discrepancy between a commonly-used

536 measure (the mean of all voxels within a pre-defined ROI, expressed in % BOLD signal change) and a
537 measure of the top range of statistical values (mean of the top 1% of Z scores; Todd et al., 2016). In the
538  task data from experiments 1 and 2 the use of multiband sequences produced more reliable increases in
539  the latter than the former. One possible explanation is that the multiband sequences may produce

540 clusters with higher statistical reliability, but a smaller spatial extent. The statistical values within these
541  small clusters may be (relatively) high, but when averaged in with background-level voxels in (larger)
542 ROls, their values become diluted. Another is that multiband sequences were created (and have been
543 used most often) for increasing spatial resolution in EPI scanning, while maintaining relatively standard
544 TR times (e.g. Smith et al., 2013). Smaller voxel size reduces susceptibility-related dropouts (Moeller et
545  al.,, 2008) and better localizes the BOLD signal to the grey matter. The relatively large ROIls defined here
546 probably include both grey and white matter voxels, which may further reduce the strength of the ROI
547  results. This discrepancy between the two outcome measures highlights an issue with the use of mean
548 ROl values; arguably a crude outcome measure, but still a widely-used one, despite clear

549 demonstrations in the literature of more reliable and sensitive alternatives (e.g. Mitsis et al., 2008).

550 The multiband sequences even produced statistically reliable decreases in sensitivity in the N-back task,
551 when using ROl measures of percentage signal change. This highlights the potential role of experimental
552 design; in this block-design task, the advantage of averaging more data points per block may be marginal,
553  as each block already contains a large number of TRs. Increases in leakage-factor related noise from the
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554  multiband acceleration may then decrease the sensitivity (Xu 2013). Event-related designs with shorter
555 trial events may therefore benefit more from higher temporal resolutions, and this seems to be the case
556 in the event-related faces/places task, though even here the gains seen in ROl measures are not

557 impressive.

558  What these data demonstrate overall is that substantial reductions in TR do not produce strong benefits
559 in statistical reliability in a straightforward manner. As has been shown previously (e.g. Smith et al.,

560  2013) resting-state fMRI can substantially benefit from higher temporal resolution scanning, but this is
561 not necessarily true for task paradigms, particularly when using ROl-based measures. One intriguing
562 counter-example is the MVPA of the faces/places task data, which showed a largely consistent gain in
563  sensitivity with the higher speed sequences; an advantage that produced statistically significant results
564  in the multiband sequences, but not in the standard one. In this case, the larger number of data points
565 may have served to produce more robust (i.e. less noisy) estimates of the average pattern of activity
566 across trials, which in turn led to more reliable classifier performance. Much more work will be needed
567  to substantiate this finding, and tease out the interaction between these novel acquisition schemes, and
568 this also relatively novel analysis method.

569 Results from the two different scanner platforms are generally relatively symmetrical, with only minor
570 differences. Scanner 2 produced a more coherent pattern of significant differences between the

571 sequences in experiment 1, while Scanner 1 produced a (marginally) more coherent pattern in

572 experiment 2. The two scanners tested have identical field strength (2.89T) and identical

573 acquisition/reconstruction software was used on both, but Scanner 1 is a long, narrow-bore magnet and
574  Scanner 2 is a short, wide-bore magnet. A number of hardware differences are important for the

575 performance of multiband sequences. The design and size of the transmitting RF body coil differs,

576 changing SAR and RF power requirements for the high multiband factor RF pulses. The gradient systems
577 also differ, especially in their ability to actively cool from the high duty cycle EPI readouts. Disadvantages
578 from the heating of the gradient system are manifold, but for multiband sequences the concomitant
579  heating of the body coil changes the B1 field imparted. Finally, the main field (B0) homogeneity is more
580 uniform and more stable in the long narrow-bore design. The relatively equivalent results on both

581 systems are reassuring, in that researchers can be confident that results will likely be reasonably

582 generalizable across other scanner platforms.

583 We sought to perform an evaluation of multiband acquisitions in a comprehensive and ‘real-world’

584 manner, using statistical outcome measures that working researchers tend to use. This entailed using a
585  set of tasks chosen to give a range of effects within different experimental designs, and also collecting
586 data from a set of human subjects. Much useful work in evaluating sequences can be done using MRI-
587 phantoms and even simulation data, which certainly produce results with less variance. We sought to
588 eliminate obvious subject-related confounds in our data by randomisation of the acquisition sequences
589  within a scanning session, and randomising the order in which subjects took part in sessions on the two
590 scanners. However, at least some of the variability in our results could be plausibly subject-related. As a
591 measure of the ‘real-world’ performance of these sequences though, it could be argued that this is

592 actually a more true reflection of their performance in such settings than phantom or simulation data
593  would be. The tasks were chosen because they reliably produce well-replicated effects in a relatively
594  short scan time, and they covered the two most common types of experimental design (block, and

595 event-related). Clearly though, many other tasks also fit those criteria, and it is possible that there is
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596 some element in these particular tasks that confounded our results. Further testing with a greater range
597  of paradigms and experimental designs would be ideal.

598 Based on these data, our recommendations for researchers interested in high-temporal resolution fMRI
599 are essentially to proceed with caution. For resting-state fMRI there are obvious benefits, documented
600 in the current data, and also by others (e.g. Smith et al., 2013). For task-based fMRI the picture is less
601 clear, and any statistical benefit arising from a higher sampling rate is likely to depend on several factors,
602 including the experimental design, the particular statistical outcome measure, and features of the

603 analysis used.

604
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