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High-resolution functional MRI (fMRI) offers unique possibilities

for studying human functional neuroanatomy. Although high-re-
solution fMRI has proven its potential at 7 T, most fMRI studies

are still performed at rather low spatial resolution at 3 T. We
optimized and compared single-shot two-dimensional echo-pla-
nar imaging (EPI) and multishot three-dimensional EPI high-re-

solution fMRI protocols. We extended image-based
physiological noise correction from two-dimensional EPI to mul-
tishot three-dimensional EPI. The functional sensitivity of both

acquisition schemes was assessed in a visual fMRI experiment.
The physiological noise correction increased the sensitivity sig-

nificantly, can be easily applied, and requires simple recordings
of pulse and respiration only. The combination of three-dimen-
sional EPI with physiological noise correction provides excep-

tional sensitivity for 1.5 mm high-resolution fMRI at 3 T,
increasing the temporal signal-to-noise ratio by more than 25%

compared to two-dimensional EPI. Magn Reson Med 69:1657–
1664, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

High-resolution functional MRI (fMRI) has proven its im-
portance to reveal the functional microstructure of the
human brain in cortical and subcortical areas (1–3). Ultra-
high fields (�7 T) facilitate high-resolution fMRI due to
the increased sensitivity to the blood oxygen level-de-
pendent (BOLD) effect and signal-to-noise ratio (SNR) (4–
6). However, most neuroimaging studies are still carried
out at 3 T due to the limited availability of 7T scanners
and practical and technological constraints of 7 T.

Few comparisons of the methods optimal for high-reso-
lution fMRI have yet been conducted at 3 T. Most studies
have been performed at 7 T, including the comparison of
two-dimensional (2D) echo-planar imaging (EPI) with
three-dimensional (3D) EPI (5,7), 2D EPI with 3D PRESTO
EPI (8), 2D EPI with multiplexed 2D EPI (9), 2D EPI with

3D PRESTO EPI and FLASH (10), or variants of 2D EPI
implementations (6,11,12). One overall conclusion is that
3D EPI outperforms 2D EPI if image noise is dominated
by thermal rather than physiological noise.

Physiological noise is a significant limitation of multi-
shot 3D EPI (5,7), which can be substantially reduced
using postprocessing noise correction (6). However, the
most complete approach based on an extensive model
including regressors for cardiorespiratory and motion
effects into the general linear model (GLM) used for sta-
tistical analyses has not been extended to 3D EPI yet. A
recent study (8) applied only the RETROICOR subset of
nuisance covariates to 3D data (13) but did not include
regressors modeling motion (14) or respiratory volume
effects (15).

Extrapolation from 7T results suggests that 3D EPI
should be particularly efficient for high-resolution fMRI
at 3 T due to the lower thermal SNR. In the only study
comparing high-resolution 3D with 2D EPI at 3 T, the
temporal SNR of multishot 3D spiral was increased by
about 20% compared to a dual-shot 2D spiral at about 1
mm resolution, however, resulting in a minimal increase
of statistical z-scores of about 3% in a visual fMRI
experiment (16). Extrapolation of the results to standard
fMRI using 2D EPI is complicated by the use of uncom-
mon dual-shot and spiral k-space acquisition combined
with a small local radiofrequency (RF) receive coil. Other
studies comparing 2D with 3D EPI (17) or 3D PRESTO
EPI (18) at 3 T used lower resolution (>3 mm) and can-
not be easily extrapolated to high resolution either.

Here, we optimize and compare single-shot 2D EPI
and multishot 3D EPI for 1.5 mm isotropic resolution
fMRI at 3 T. We adapt to 3D EPI an image-based physio-
logical noise correction previously established for 2D EPI
at 7 T (6). Temporal SNR and functional sensitivity in a
visual fMRI experiment are compared between 2D and
3D EPI acquisitions. The gain in temporal stability and
BOLD sensitivity due to correction of physiological noise
are assessed in different brain areas.

METHODS

Data were acquired from six male healthy volunteers
(age 38 6 10) using a 3T whole-body Magnetom TIM
Trio system (Siemens Healthcare, Erlangen, Germany),
operated with an RF body transmit coil and a 32-channel
head receive coil. The study was approved by the local
ethics committee and the volunteers gave their written
informed consent before the scans.

The fMRI time series were acquired using 2D and 3D
EPI sequences with 1.5 mm isotropic image resolution
(in-plane matrix size ¼ 128 � 128, field of view ¼ 192
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mm � 192 mm). For the 2D EPI acquisitions, RF excita-
tion pulses with nominal flip angle of 90�, duration of
3.2 ms, and bandwidth-time product of 5 were used. For
the 3D EPI acquisitions, RF excitation pulses with nomi-
nal flip angle 20�, duration of 1.12 ms, and bandwidth-
time product of 12 were used. The use of longer RF exci-
tation (due to the larger nominal flip angle value) and
gradient prepulses for 2D EPI resulted in an echo time ¼
36.2 ms and a repetition time (TR) ¼ 84.2 ms compared
to echo time ¼ 32.86 ms and TR ¼ 80 ms for 3D EPI.
The number of slices was set to 38 and 40 for 2D and 3D
EPI, respectively, to achieve a volume TR ¼ 3.2 s for
both acquisition types. For the 3D EPI acquisitions, four
slices were discarded on either side of the encoding slab
to avoid wrap-around artifacts due to imperfect slab exci-
tation. For 2D EPI, an interleaved slice acquisition order
(slice thickness ¼ 1.5 mm with no interslice gap) was
chosen. For 3D EPI, a linear increment of the partition
encoding (slow phase encoding direction) was used and
a single partition was acquired per TR.

Parallel imaging was used along the phase encoding
direction (acceleration factor 2) for both types of acquisi-
tion and images were reconstructed using the vendor’s
generalized autocalibrating partially parallel acquisitions
(GRAPPA) implementation (19). The GRAPPA recon-
struction kernel was estimated from a fully sampled vol-
ume acquired at the beginning of each fMRI time series
using a multishot segmented k-space scheme. An fMRI
time series of 400 volumes was acquired for each acqui-
sition scheme, leading to a total acquisition time of about
42 min. For overlay with the individual anatomy and
definition of anatomical regions of interest (ROIs), a T1-
weighted 3D modified driven equilibrium Fourier trans-
form (MDEFT) with 1 mm isotropic resolution was
acquired (20).

The visual paradigm used for detection of BOLD activa-
tion is well established and only described briefly here
(for details, see (6)). Stimulation consisted of flickering
black/white checkerboards covering the left and right vis-
ual hemifields in succession, with interspersed rest peri-
ods (duration 20 s each). The left-rest-right-rest blocks
were repeated 16 times. The acquisition order of 2D and
3D EPI was balanced across the subjects to avoid bias.

Physiological Noise Recording and Modeling

Physiological noise correction was implemented by
inserting physiological regressors into the GLM for fMRI
analysis. During fMRI acquisition, the cardiac pulse sig-
nal and respiration were measured using an MRI com-
patible pulse oximeter and pneumatic belt (6). The RET-
ROICOR method (13) was used to model the cardiac and
respiratory contributions to the fMRI noise in the GLM
used for statistical analysis. For each regressor, the phys-
iological signal was sampled at the time of acquisition of
the reference EPI slice for each volume. The resulting set
of physiological data points was modeled as sine and co-
sine basis functions of a Fourier series up to the third
harmonic (6). Cardiac and respiratory signals therefore
led to a set of 12 regressors. A set of six regressors (three
translations and three rotations) was also obtained from
the realignment of each EPI time series and inserted in

the fMRI analysis (14). Changes in respiration and heart
rate were also calculated as described in Ref. 15, 21, and
22 yielding another set of two regressors. Altogether the
full physiological noise model described in Ref. 6
yielded a set of 20 regressors that were included in the
GLM for fMRI data analysis. For 2D EPI acquisitions, the
reference slice was selected to lie within the calcarine
fissure as the visual cortex (VC) was a primary ROI in
this study. As VC and the lateral geniculate nuclei (LGN,
another region with expected significant activation in
this study) are approximately located in the same axial
slice, the choice of the reference slice was also optimal
for the LGN.

Extension to 3D EPI

We developed an image-based physiological noise cor-
rection method for multishot 3D EPI, which takes into
account that data are not acquired slice-wise in real
space but partition-wise in k-space. As a simple relation
between real space and acquisition time does not exist
for 3D EPI, physiological correction might be best
applied to the k-space data for optimal timing. However,
this requires handling large complex k-space datasets.
Furthermore, physiological correction of 3D gradient-
echo k-space data is only equally or even less effective
than correction of data in real space, as noisy outer k-
space partitions allow for only poor estimates of weights
of the nuisance regressors (23). As a result, physiological
correction methods based on k-space data might not effi-
ciently correct spatially localized physiological effects
(e.g., cardiac) (13). Correction methods based on the mag-
nitude of EPI images decrease the amount of data to pro-
cess by a factor 2 compared to methods based on com-
plex-valued data, can be easily implemented in fMRI
analysis, and do not require off-line image reconstruction
(unlike k-space methods). A physiological correction
method based on the magnitude of the images was there-
fore also preferred for the 3D EPI data.

As for 2D EPI, the physiological data of 3D EPI time
series was sampled at one time point during the acquisi-
tion of each volume. Although the choice of a reference
slice for 2D EPI time series is straightforward and only
affects the robustness of the physiological correction to a
small degree, the choice of a reference partition for 3D
EPI acquisitions is not clear and needs investigating. We
therefore systematically varied the time point at which
the physiological data were sampled in each volume
from the time of acquisition of the minimal partition to
the time of acquisition of the maximal partition. The
optimal reference partition, identified as yielding the
highest tSNR value (see Fig. 1), was used for all further
investigations.

ROIs and fMRI Analysis

All image processing and analysis were implemented
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). The
fMRI time series were realigned but not spatially
smoothed to preserve the high spatial resolution. A GLM
containing the task indicator for left/right hemispheric
stimulation and physiological noise regressors was fitted
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to the time series after high-pass filtering using a cut-off
period of 128 s. Voxel-wise F-tests and T-tests were per-
formed to detect BOLD effects that were greater for
flicker presentation than for the blank screen with P <
0.001 (uncorrected). Voxel-wise tSNR values were calcu-
lated as the mean signal over the acquired volumes di-
vided by the residual standard deviation of the GLM fit.

To estimate regional tSNR and BOLD sensitivity, three
ROIs representative of subcortical and cortical areas were
defined. VC and LGN ROIs were determined as described
in Ref. 6. In addition, a general gray matter (GM) ROI was
defined by segmenting each subject’s T1-weighted struc-
tural image using unified segmentation (24) and thresh-
olding the GM probability maps at P > 0.8.

The mean tSNR across each ROI was calculated for ev-
ery subject. As a direct and robust marker of BOLD sensi-
tivity, the average t-score related to visual activation was
estimated for the 5% most highly activated voxels in each
ROI. The dependence of tSNR and t-scores on the pulse
sequence type (2D/3D), physiological noise correction
(on/off), and region (GM, V1, and LGN) were assessed by
2 � 2 � 3 factorial repeated measures analysis of variance
(ANOVA) (P < 0.05; SPSS 17.0, SPSS Inc., Chicago).

RESULTS

Figure 1 shows the dependence of the 3D EPI tSNR esti-
mates on the partition value used to temporally sample
the physiological signal (reference partition). Maximal
tSNR was achieved when the reference partition was set
to the center partition, and this setting was used for all
experimental results presented here. The largest
increases in tSNR were obtained in cortical GM, where
the contribution of physiological noise to overall image
variance is larger due to the larger image SNR.

ANOVA of the tSNR values yielded significant main
effects of the sequence type (3D/2D), physiological noise
correction (on/off), and scanned region (GM, VC, and
LGN) with all P < 0.001 (all F > 276). Furthermore, all

two-way and the three-way interactions between
sequence type, physiological noise correction, and region
were significant (all P < 0.05 and F > 4.2). ANOVA of
the t-scores measured in the visual fMRI experiment also
indicated significance for all three main effects and all
interaction effects (all P < 0.03 and F > 9.0) except for
the interaction between region and sequence type (P >
0.1 and F < 4.1). Figure 2 illustrates how the mean tSNR
and t-scores depended on the sequence type, physiologi-
cal noise correction, and brain region. The highest tSNR
and t-scores were consistently found for 3D EPI follow-
ing physiological correction.

Figure 3a and b shows subject-averaged tSNR maps in
Montreal Neurological Institute (MNI) space for the 2D
and 3D EPI acquisitions following physiological correc-
tion. Higher tSNR values were found for 3D EPI over
most brain regions and tissue types. Figure 3c and d
shows the increase in tSNR due to physiological correc-
tion for 2D and 3D EPI. Figure 3e and f shows compari-
sons of the tSNR obtained from the 2D and 3D EPI
acquisitions before and after physiological correction.

Figure 4 shows representative fMRI statistical paramet-
ric activation maps for 3D (a and b) and 2D (c and d) EPI
with and without physiological noise correction. Physio-
logical correction increased the extent of the activated
regions for 3D EPI. Little effect of the physiological correc-
tion was seen on the activationmaps obtained from 2D EPI.

An average tSNR increase of 12% (19%), 13% (18%),
and 6% (11%) was found due to physiological correction
for the 2D (3D) EPI acquisition in GM, VC, and LGN,
respectively. The larger tSNR increase for 3D EPI reflects
the higher susceptibility of this technique to physiologi-
cal instabilities. Consistent with Figs. 2 and 3, higher
tSNR for the 3D EPI method (compared to 2D) was found
in subcortical regions (i.e., LGN, 164%) than in cortical
regions (i.e., VC, 128%) due to the dominating contribu-
tion of thermal noise to signal variance in these regions.

For the 3D EPI acquisition, an average increase of 14%
and 9% in t-scores was observed for VC and LGN, respec-
tively, due to physiological correction. The 3D EPI acqui-
sition outperformed the 2D acquisition by about 28% and
25% in the LGN and VC, respectively. No significant
increase in average t-scores was observed for the 2D EPI
acquisitions after physiological noise correction, which
may be explained by the rather low baseline tSNR (Fig. 2).

DISCUSSION

We have demonstrated that multishot 3D EPI yields at
least a 25% higher BOLD sensitivity than standard sin-
gle-shot 2D EPI for 1.5 mm high-resolution fMRI at 3 T.
3D EPI performed comparably better in brain regions
exhibiting low image SNR, as they were affected mainly
by thermal noise. We have developed an image-based
physiological noise correction for 3D EPI from methods
established for 2D EPI (6). Application of physiological
noise correction improved the tSNR by more than 30%
and t-scores by more than 10% for 3D EPI.

3D EPI is generally expected to offer a higher image
and temporal SNR than 2D EPI (i.e., SNR � 1/sqrt[number
of partitions];(5)). The about 28% improvement in image
SNR expected theoretically for GM for the acquisition

FIG. 1. Effect of the reference partition number on tSNR. Solid

lines show uncorrected and dotted lines physiological noise cor-
rected data. The tSNR values were averaged across all six sub-

jects and averaged over GM, the VC, and LGN ROIs, respectively.
Subfigures (a) shows absolute tSNR values in GM and in the vis-
ual ROIs and (b) relative tSNR improvements due to physiological

noise correction.
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protocols used here (assuming T1 ¼ 1331 ms and T2* ¼
47 ms (25)) was corroborated by the 25%–28% increase
measured in vivo and was in line with previous compar-
isons of 2D with 3D EPI at 7 T (5,7) and 3 T (16). As this
improvement depends on the number of partitions and
TR, smaller coverage or lower resolution in the partition
encoding direction is expected to reduce the benefit of
3D EPI (5). For a realistic assessment, we chose an acqui-
sition protocol providing a good compromise between
speed and coverage, resulting in a volume acquisition
time of 3.2 s and about 40% brain coverage.

In addition to increased functional sensitivity, the 3D
acquisition offers the potential for two-directional paral-
lel imaging and other acceleration techniques such as
UNFOLD (26). Parallel imaging along the partition direc-
tion might be used to accelerate the acquisition of each
3D EPI volume or to extend the brain coverage at no

extra cost in terms of acquisition time. However, the use
of 2D parallel imaging might result in significant reduc-
tions in tSNR due to the associated decrease in the num-
ber of acquired partition steps per volume and increase
in the values of the g-factor (27). At the expense of a
reduction in tSNR 2D parallel imaging might help to
reduce the volume acquisition time by a factor 3–4 com-
pared to the protocol used here, resulting in a volume
acquisition time of less than 1 s.

Physiological Noise Correction

3D and 2D EPI acquisitions show different physiological
noise characteristics due to different sensitivity to inflow
or phase instability (28). We developed an image-based
physiological noise correction method for 3D EPI primar-
ily based on Ref. 6 with the important extension that it

FIG. 2. a: tSNR and (b) t-scores in a visual fMRI experiment shown for the different data acquisition (3D and 2D EPI), physiological
noise correction (on/off), and different brain areas (cortical GM ¼ blue; VC ¼ red; lateral geniculate nucleus [LGN] ¼ green). 3D EPI

resulted in higher tSNR and t-scores than 2D EPI. Physiological noise correction benefited 3D EPI relatively more than 2D EPI.
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takes into account that data are not acquired slice-wise
in real space but partition-wise in k-space. We demon-
strated that the best results were achieved when each
regressor’s timing was based on the acquisition time of
the central k-space partition, which carries the most sig-
nal and physiological noise. Recently, Barry et al. (8)
compared three different noise correction methods for
2D EPI and 3D PRESTO EPI. Although the highest
improvements were obtained using a combination of all
three methods, RETROICOR yielded the highest
improvements in temporal stability. Phase regression
(29) (based on complex data) enables the suppression of
the BOLD effect arising from large vessels away from the
sites of neural activity. The contribution of the Stockwell
Transform method (30) (based on magnitude data) was
found comparably small. As a result, and because magni-
tude-image-based methods offer the possibility of com-
bining physiological correction and fMRI statistical anal-
ysis, we developed a correction method based on
magnitudes images including RETROICOR and using a
standard analysis software (SPM8; (31)). Note that other
regressors accounting for residual motion and changes in
respiration and heart rate were also included which

account for a significant amount of signal variance due
to the physiology (6). These contributions to physiologi-
cal noise were not accounted for in the previous study
on 3D EPI noise correction (8). In keeping with the hy-
pothesis that multishot 3D EPI is more susceptible to
physiological noise, the results showed that 3D EPI data
benefit relatively more from the physiological noise cor-
rection than 2D EPI.

A single reference slice was used for correction of car-
diac and respiratory phase effects (RETROICOR) for the
entire brain volume. Correction of cardiac and respira-
tory effects using RETROICOR is intrinsically phase-
insensitive due to the fitting of sine and cosine Fourier
basis functions independently at each voxel, which
accounts for any phase shift of the physiological signal
across different slices (6,13). The effectiveness of the cor-
rection using a single reference slice is corroborated by
Fig. 2a, which shows a comparable effect of physiologi-
cal correction for GM and VC, although these regions
spread over different slices. This was further verified
using a different reference slice for extraction of the
physiological signal that led to negligible changes in
tSNR and statistical scores (data not shown). Among the

FIG. 3. tSNR maps after physiological correction for the (a) 2D and (b) 3D EPI sequences averaged across subjects. Increase in tSNR
due to physiological noise correction for the (c) 2D and (d) 3D EPI acquisition. Increase of tSNR of the 3D EPI sequence over the 2D

EPI sequence (e) without and (f) with physiological noise correction. The 3D EPI acquisition resulted in higher tSNR values and also ben-
efited more from physiological noise correction, in particular, in cortical areas (note that green color in figures e and f indicate �25%
higher tSNR values).
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other types of regressors used here for physiological cor-
rection, the residual motion regressors are extracted from
the rigid-body realignment of the data and provide one
estimate of motion per EPI volume. Clearly, they are
therefore insensitive to the choice of the reference slice
(14). As a result, only the regressors modeling changes in
respiratory and cardiac rates are sensitive to the choice
of the reference slice (15,21). The negligible changes in
tSNR that were observed when a different reference slice
was used are consistent with the comparably small con-
tribution of the changes in respiratory and cardiac rate
regressors to the overall physiological correction
observed in Ref. 6. Furthermore, the use of a single refer-
ence slice greatly simplifies the implementation in
standard analysis packages such as SPM, which do not
allow for slice-wise definition of the GLM.

Alternative Approaches for High-Resolution fMRI

Alternative approaches for high-resolution fMRI have
been developed, which are not based on 2D or 3D gradi-
ent-echo EPI. 2D spin-echo EPI (2) and 3D GRASE (32)
were used for fMRI with 1 mm or even higher resolution.
However, spin-echo EPI shows a significantly reduced

BOLD sensitivity at 3 T compared to gradient-echo EPI
(33). Multiplexed 2D EPI is an innovative approach to
speeding up acquisition by combining multiband excita-
tion and simultaneous echo refocusing, but it has not been
applied to high-resolution fMRI at 3 T (9). Steady-state
free precession (SSFP) sequences have also been used,
exhibiting high SNR and minimal susceptibility-induced
signal loss and geometric distortion (28,34). However,
they suffer from off-resonance banding artifacts and
require sophisticated real-time gating and data reacquisi-
tion schemes to reduce physiological noise (28). Similarly,
FLASH sequences were used for laminar-specific fMRI at
3 T (35), but they are slow, relatively inefficient due to
long dead times, and sensitive to physiological noise (28).

Considerations

The 3D and 2D EPI acquisitions are best implemented on
a modern MRI scanner offering high SNR and optimal
parallel imaging capabilities. If a whole-body gradient
coil is used, parallel imaging in the phase encoding
direction with a speed up factor of 2 or more is manda-
tory to achieve an appropriately short echo time and
readout time for high BOLD sensitivity and low

FIG. 4. Statistical F-maps of significantly activated voxels (uncorrected P < 0.001) for one individual subject based on uncorrected (a)
3D EPI and (c) 2D EPI data, and corrected (b) 3D EPI and (d) 2D EPI data. The 3D EPI-based maps show higher F-values and more
widely extended activation. Note that data were not spatially smoothed and that the F-value colorbar is scaled differently for each

subfigure.
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geometric distortion. At 1.5 mm isotropic resolution, the
image SNR is low at 3 T but can effectively be increased
by about 30% in the center of the brain and by more
than 200% in the cortex using multichannel head coils
(36), making fMRI at a temporal SNR of 20–40 possible
as shown here.

An interleaved slice ordering was used for the 2D EPI
acquisitions to minimize saturation of magnetization due
to overlap between adjacent slices. Numerical simula-
tions of the Bloch equations with Matpulse (37) indi-
cated a reduction of 2% in signal due to this overlap for
the chosen acquisition parameters (assuming T1 ¼ 1331
ms (25)). Alternatively, RF pulses with a higher band-
width-time product might be used to achieve a better-
defined slice profile and less overlap. However, hard-
ware limitations (e.g., maximum achievable RF power
and slice-gradient strength) might require longer RF
pulses and therefore longer echo times. This is in part
the reason for the longer echo times used here for the 2D
EPI acquisitions, which led to a �5% reduction in image
SNR compared to the 3D EPI sequence (assuming T2* ¼
66 ms (38)). Note that RF pulse limitations are less con-
stricting for 3D EPI acquisitions due to the lower nomi-
nal flip angle values and thicker slices used there (com-
pared to 2D EPI), which allow for better-defined slab-
profiles.

We note that including nuisance regressors in the
GLM may not only remove noise variance but also var-
iance of the effect of interest, i.e., true BOLD activation,
as the correction is effectively based on correlation anal-
ysis. Therefore, spurious correlations between the nui-
sance regressors and the experimental design should be
avoided (for discussion, see Ref. 6).

CONCLUSIONS

The combination of 3D EPI with physiological noise cor-
rection provides exceptional sensitivity for 1.5 mm high-
resolution fMRI at 3 T, outperforming standard 2D EPI.
The physiological noise correction increases the BOLD
sensitivity significantly, can be easily applied, and
requires simple recordings of pulse and respiration only.
Multishot 3D EPI with physiological noise correction
constitutes an important method for fMRI studies of the
microstructure of the human brain.
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