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Recently introduced 3D radial MRI pulse sequence entitled Multi-Band SWeep Imaging with Fourier Trans-
formation (MB-SWIFT) having virtually zero acquisition delay was used to obtain functional MRI (fMRI) contrast
in rat's brain at 9.4 T during deep brain stimulation (DBS). The results demonstrate that MB-SWIFT allows
functional images free of susceptibility artifacts, and provides an excellent fMRI activation contrast in the brain.
Flip angle dependence of the MB-SWIFT fMRI signal and elimination of the fMRI contrast while using saturation

bands, indicate a blood flow origin of the observed fMRI contrast. MB-SWIFT fMRI modality permits activation
studies in the close proximity to an implanted lead, which is not possible to achieve with conventionally used
gradient echo and spin echo - echo planar imaging fMRI techniques. We conclude that MB-SWIFT fMRI is a
powerful imaging modality for investigations of functional responses during DBS.

1. Introduction

Deep brain stimulation (DBS) has successfully treated movement
disorders such as Parkinson's disease, dystonia and essential tremor and
its use is likely to expand to treating a variety of psychiatric diseases
including major depression and obsessive compulsive disorder (Her-
rington et al., 2016; Holtzheimer and Mayberg, 2011; Johnson et al.,
2013). However, the exact mechanisms of neuromodulation induced
during DBS treatment still remain unclear (Florence et al., 2016; Her-
rington et al., 2016). As a tool to detect brain activity during DBS,
functional Magnetic Resonance Imaging (fMRI) can inform on the cir-
cuitry of the brain function with excellent spatial localization and suffi-
cient temporal resolution.

To date, the feasibility of simultaneous DBS and MRI/fMRI is strongly
dependent on the materials used for the DBS leads—commonly con-
structed of non-ferromagnetic metals (Coffey, 2009)—and potentially
hazardous currents in the lead induced by switching of MRI magnetic
field gradients and radio frequency (RF) pulses which should be mini-
mized using proper safety protocols (Georgi et al., 2004; Kahan et al.,
2015). Thus far, DBS-fMRI studies have been conducted in rats (Lai et al.,
2014, 2015; Shih et al., 2014; Van Den Berge et al., 2015; Yang et al.,
2013), pigs (Knight et al., 2013; Min et al., 2012; Paek et al., 2015) and
humans (Hesselmann et al., 2004; Jech et al., 2001; Kahan et al., 2014;

Phillips et al., 2006; Rezai et al., 1999) using gradient-echo echo planar
imaging (GE-EPI). For optimal contrast based on the blood oxygenation
level dependent (BOLD) effect (Kim and Ogawa, 2012; Ogawa et al.,
1990), the echo time (TE) of the EPI sequence is usually set equal to the
transverse relaxation time. With these relatively large TE values and the
constrained bandwidth in the phase-encoded dimension, EPI techniques
are strongly affected by the large magnetic susceptibility difference be-
tween the metallic components of the DBS leads and the tissue. Specif-
ically, the magnetic field inhomogeneities induced by these susceptibility
differences cause large image artifacts in the form of geometric distortion
and signal dropout that make detecting brain activity near an electrode
impossible.

Recently, a 3D radial MRI sequence called SWeep Imaging with
Fourier Transform (SWIFT) (Idiyatullin et al., 2006) was shown to pro-
vide functional contrast in the human brain at 4 T, despite the fact that
SWIFT has virtually no acquisition delay (TE =~ 0) (Mangia et al., 2012).
For correct localization of the signal in the presence of large magnetic
susceptibility differences, e.g. near the DBS leads, an obvious solution is
to utilize SWIFT with very high acquisition bandwidth. Due to its nearly
zero acquisition delay, SWIFT can in principle detect all signal sur-
rounding the DBS lead. However, due to technical constraints, the con-
ventional SWIFT sequence has an upper limit on bandwidth (BW). To
circumvent that limitation in this work, we thus used a recently
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introduced version of the SWIFT technique called multi-band SWIFT
(MB-SWIFT) (Idiyatullin et al., 2015). MB-SWIFT exploits the sidebands
created by gapping the RF pulse and in this manner can achieve high
excitation and acquisition BWs. The goal of the present study was to
demonstrate the feasibility of MB-SWIFT fMRI during DBS in the rat
brain. In addition, the performance of MB-SWIFT in generating func-
tional contrast was compared to that obtained by Spin Echo EPI (SE-EPI),
which is grounded on the BOLD effect (Norris, 2012). Finally, we further
explored the origin of the fMRI contrast detected with the near zero
acquisition delay of MB-SWIFT by changing the flip angle as well as by
introducing saturation bands to minimize the effect of blood inflow. The
conclusions drawn should be applicable to any other ultra-short-TE
MRI technique.

2. Methods

All surgical and experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University of Min-
nesota. Sprague-Dawley rats (Envigo; Madison, WI, USA; n = 10, male,
275-300 g) were initially anesthetized using isoflurane for the duration
of the implantation (5% for induction, 2-3% during surgery) in O2/N20
30%/70% carrier gas. The respiration rate was monitored with a plastic
pressure sensor during the surgery and MRI scanning. The temperature
was maintained at 37 °C with a heating pad during the surgery and with
heated water circulation and heated air during MRI scanning. Temper-
ature was monitored with a rectal thermometer. After implanting the
electrode, the anesthesia was changed to urethane with three consecutive
i.p. injections 15 min apart (1.25-1.50 g/kg) while gradually lowering
the isoflurane level, reaching 0% after the last injection. Urethane
anesthesia enables a strong BOLD response and it is known to maintain
near normal electrophysiology and blood gases in spontaneously
breathing animals (Huttunen et al., 2008; Paasonen et al., 2016).

The animal was placed in a stereotactic frame and a 1 mm craniec-
tomy was performed on the right hemisphere. A lead composed of a
twisted set of three polyimide-insulated tungsten electrodes (PlasticsOne,
MS333T/2C-A/SP; Roanoke, VA, USA) with tip-contact diameters of
200 pm were implanted in the ventral posteromedial nucleus (vpm
(Paxinos and Watson, 1998); ML 2.8 mm, AP —3.4 mm, DV —5.8 mm).
3-4 drops of 2% lidocaine were administered before the incision of the
scalp and before cauterizing vessels of the scalp and skull. The remaining
hole in the skull around the electrode was filled with gelatin foam
(SPONGOSTAN™, Sgborg, Denmark). The hole was covered and the
electrode was fixed using dental acrylic (Lang Dental, Jet Acrylic,
Wheeling, IL, USA). Finally, an Ag/AgCl wire (4 cm long, 0.5 mm
diameter) acting as a ground electrode, was inserted below the skin with
the tip ending at the base of the neck. When stimulating the vpm,
bilateral activation of the somatosensory cortices is expected through the
thalamocortical connection between the vpm and cortex (Killackey and
Sherman, 2003), and the callosal connection between the cortices
(Innocenti, 1986).

All MRI scans were conducted with a 9.4 T 31 cm horizontal-bore
magnet equipped with Agilent DirecDRIVE console (Palo Alto, CA,
USA) using a quadrature RF coil designed for full rat brain coverage.
The coil was composed of materials not visible with 'H MRI even when
using MB-SWIFT, thus ensuring that no unwanted signal would fold into
the FOV from the coil itself. Prior to fMRI, anatomical images were
acquired using a fast spin-echo (FSE) sequence with exactly the same
slice localizations: TR = 3 s, TEef = 48 ms, number of echoes = 8,
matrix size 2562, field of view (FOV) = 3.52 cmz, slice
thickness = 1 mm and number of slices = 11 with no interslice gaps.
The third slice from the posterior was positioned at the center of the
electrode. Six rats underwent MB-SWIFT fMRI using the following pa-
rameters: TR = 0.97 ms, 3094 spokes per volume, resulting in temporal
resolution of 3 s, BW 192 kHz, matrix size = 64° and
FOV = 3.5 x 3.5 x 6.4 cm®. Separate acquisitions were performed with
different flip angles (= 2°, 4° and 6°), while excitation was performed
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with a chirp pulse gapped into four 2.6 ps sub-pulses (Idiyatullin et al.,
2006, 2015). Two-fold oversampling was used during acquisition in the
gaps of 32/BW duration. The post-correlation FID (Idiyatullin et al.,
2006) consisted of 32 points. Additionally, as a proof of concept, three
animals were imaged with a time resolution of 1 s using 1010 spokes
per volume and a flip angle of 6°.

To investigate the contribution of blood flow to the functional
contrast, functional scans were also conducted with saturation bands at
the back of the brain to saturate the signal of blood inflowing to the brain,
or at the front of the brain as a control (n = 5). The saturation bands were
repeated after every 32 acquisitions with a rostro-caudal width of 7 mm
using a 2 ms sinc pulse with a flip angle of 90°. The centers of the satu-
ration bands were placed at +8.5 mm rostral/caudal from the center of
the electrode. MB-SWIFT parameters were as above, but with 2666
spokes and only flip angle of 6° was used.

The performance of MB-SWIFT was compared to that of SE-EPI
(n = 6) with the following parameters: TE = 35 ms, TR = 1.5 s, two
shots, resulting in temporal resolution of 3 s, BW = 250 kHz, matrix
size = 642, FOV = 3.52 cm?, slice thickness = 1 mm and 11 slices with no
interslice gaps. The SE-EPI readout direction was set to dorsal-ventral to
avoid signal loss in the cortex due to susceptibility differences after
exposing the skull. The first three volumes acquired during the stimula-
tion protocol were excluded from the analysis as they consisted of
approach to steady state and reference scans for MB-SWIFT and SE-EP],
respectively. The FOV of MB-SWIFT was placed so that the 11 middle
slices aligned with SE-EPI and FSE.

The stimulation paradigm consisted of 3 blocks of 60 s of restand 18 s
of stimulation, ending with an additional rest period, resulting in 4 min
54 s of total paradigm. The electrode was driven monopolar using sym-
metric charge balanced 50 ps square pulses repeated at 20 Hz with
amplitude of 0.50-0.75 mA/channel leading to a total current of
1.50-2.25 mA. To avoid adaptation to stimulus, 5 min breaks were taken
between trials. The stimulation waveforms were computed and delivered
through National Instruments digital-to-analogue converter (cDAQ-9174
chassis, 9263 analogue output module, 9402 digital input/output mod-
ule; Austin, TX, USA) and three stimulus-isolators (A-M Systems; Carls-
borg, WA, USA) using MATLAB 2015b (Mathworks; Natick, MA, USA).
The stimulation system was triggered by the scanner with the onset of the
pulse sequences through the digital input/output module of the digital-
to-analogue converter.

MB-SWIFT images were reconstructed using gridding and iterative
FISTA algorithm (Beck and Teboulle, 2009) (3 iterations when using 3 s
time resolution and 13 iterations when using 1 s time resolution). The
resulting data were analyzed in SPM8 (www.fil.ion.ucl.ac.uk/spm) and
MATLAB 2013b. The pre-processing included smoothing with a [2 2 1]
pixel FWHM Gaussian kernel, with slice time correction and motion
correction for SE-EPIL. Because MB-SWIFT is a 3D radial pulse sequence,
it is highly insensitive to motion, and thus motion correction was un-
necessary. MB-SWIFT with 1 s time resolution was not smoothed. The
general linear model consisted of a block design model convolved with a
rat hemodynamic function (Silva et al., 2007) and the baseline.
Threshold for statistical significance of the activation maps were set to
p < 0.05 (family-wise error corrected). Time series analysis was con-
ducted using regions of interest (ROIs) selected with Aedes (aede-
s.uef.fi). The ROIs included only activated pixels from the ipsilateral and
contralateral somatosensory cortex, rostral to the electrode so that the
slices with susceptibility artifact using SE-EPI were not included. For the
saturation band experiment, ROI drawn on the control scan was used for
both data sets. The time series in the ROIs were averaged and corrected
for linear trending and baseline. The amplitude of the functional
response was estimated as the average of the four highest values during
the first stimulation period between 72 and 81 s. Functional
signal-to-noise ratios (fSNRs) were estimated by dividing the afore-
mentioned amplitude of the functional response during the first stimu-
lation period with the standard deviation of the baseline prior to the
first stimulation period.
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3. Results

MB-SWIFT exhibited dramatic improvement in image quality in the
presence of an implanted electrode as compared to SE-EPI (Fig. 1). The
activation maps obtained with MB-SWIFT and SE-EPI were qualitatively
similar, exhibiting ipsilateral and contralateral activations of the so-
matosensory cortex. The signal loss due to the electrode extended across
2-3 and 5-6 voxels in the medial-lateral direction for MB-SWIFT and SE-
EPI (Fig. 1B and C), respectively, and across 2-3 and 4-5 slices in the
rostral-caudal direction, respectively, depending on the exact electrode
placement within the FOV. The numbers of activated pixels in the so-
matosensory cortex included in the ROI analysis are compiled in Table 1.
The activated area was similar when comparing MB-SWIFT flip angles 4°
and 6° to that provided by SE-EPL. Five out of the six animals imaged with
flip angles 2°, 4°, and 6° using MB-SWIFT showed activations next to the
electrode in the thalamus with flip angle 4° and out of which four animals
showed activation with flip angle 6°. Two animals with activations seen
with both MB-SWIFT flip angles showed spatially shifted ipsilateral
thalamic activations using SE-EPI (e.g. as seen in Fig. 1C). Importantly,
MB-SWIFT showed no visible signal pile up artifacts next to the electrode
or signal loss near air/tissue interfaces as was observed with SE-EPI.

The time series of the activation in the ipsilateral side exhibited
similarity between MB-SWIFT and SE-EPI, although a pronounced flip
angle dependence of the activation amplitude was observed with MB-
SWIFT (Fig. 2 and Table 1). Ipsilateral fSNR was clearly higher with
MB-SWIFT (using flip angle 6°,27.2 + 7.8 vs. 11.5 + 3.1, p < 0.05, Mann-
Whitney U test). Contralateral activation also expressed similarity be-
tween the pulse sequences, however, flip angle dependence of MB-SWIFT
was less evident and no clear difference was observed in fSNR. When
comparing the pattern of the responses during the first stimulation period
measured with MB-SWIFT and SE-EPI, no statistically significant differ-
ence was obtained (point-by-point Mann-Whitney U test, pgpgr > 0.05 for
each point). Finally, in three rats MB-SWIFT data were acquired with a
temporal resolution of 1 s, showing excellent spatial agreement with the
data obtained using 3 s temporal resolution and no significant deterio-
ration in functional response (Fig. 3). However, these images were clearly
more blurred as compared to those acquired with 3 s time resolution.

In order to study the effect of blood flow on the functional response,
four animals were scanned with saturation bands placed at different lo-
cations of the brain (Fig. 4). When the saturation band was placed in front
of the brain, activation was seen in the somatosensory cortex (response
amplitude 5.2 + 1.7%) corresponding to the MB-SWIFT fMRI acquisitions
without saturation bands (Figs. 1 and 2). However, when signal of the
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blood flowing into the brain was suppressed using saturation bands
placed in the back of the brain, the response was significantly reduced
(2.0 + 0.8%). The number of activated pixels in the ipsilateral cortex for
individual animals with saturation band in the back of the brain was 0, 0,
9, 0 and 0 and in the control scans 39, 55, 64, 24 and 74, respectively.

4. Discussion

In this study, we have demonstrated virtually susceptibility artifact
free fMRI during DBS in the rat brain using MB-SWIFT. Since MB-SWIFT
achieves near zero acquisition delay, nearly all signal surrounding the
electrode is preserved regardless of fast To*-decay. Notably, due to the
high acquisition bandwidth available with MB-SWIFT, the detected
signal is also correctly spatially encoded with no distortion artifacts. The
MB-SWIFT functional response showed excellent spatial correspondence
with that of SE-EPIL It should be emphasized that the susceptibility
artifact free imaging method presented in this work represents a signif-
icant advance to aid investigations of functional responses during DBS.
Current DBS-fMRI studies are conducted in small and large animal
models at clinical scanners (3 T) and at higher magnetic fields have
significant limitations due to the impossibility of imaging in the close
proximity to an implanted lead, as well as other experimental obstacles
such as high sensitivity of EPI to motion and frequently insufficient image
quality provided by EPI because of distortions especially at very high
fields. The novel near zero acquisition delay modality MB-SWIFT
dramatically improves the quality of fMRI data as compared to EPI,
and allows fMRI acquisitions in close proximity to an implanted lead with
reasonable spatial and temporal resolution. Finally, because MB-SWIFT
operates without rapid switching of the gradients, it may be more suit-
able for fMRI studies from both safety and acoustic noise perspectives.
Although most of the currently conducted DBS-fMRI studies are based on
the GE-EPI sequence (Georgi et al., 2004; Hesselmann et al., 2004; Jech
etal., 2001; Kahan et al., 2014; Knight et al., 2013; Lai et al., 2014, 2015;
Min et al., 2012; Paek et al., 2015; Phillips et al., 2006; Rezai et al., 1999;
Shih et al., 2014; Van Den Berge et al., 2015; Yang et al., 2013), in this
study we chose to use SE-EPI as it can refocus intravoxel dephasing due to
the field inhomogeneity caused by an implanted lead. However, any EPI
sequence is still sensitive to the field inhomogeneities in the phase
encoding direction, as the effective bandwidth is typically in the range of
a few kHz. One option for alleviating the susceptibility artifacts is to turn
the readout direction perpendicular to the electrode, but still severe ar-
tifacts will appear in other locations. As MB-SWIFT is inherently a 3D
radial sequence, the acquisition bandwidth is the same in every direction,

an|jeA-)

Fig. 1. Functional response of the rat brain to DBS of the ventral posteromedial nucleus at different rostral-caudal slice locations for two different functional acquisition pulse sequences.
(A) High-resolution anatomical FSE images of the stimulated region; activation maps in color obtained with (B) MB-SWIFT (flip angle 6°) overlaid on MB-SWIFT images, and (C) SE-EP]I,
overlaid on a SE-EPI images. The white arrow points on the artifact due to the implanted electrode (A-C); the black arrow and white asterisk in (C) point a signal pile-up artifact near the
electrode and magnetic susceptibility artifact due to the tissue/air interface (Li et al., 2015), respectively.
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Table 1
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Quantification of functional response in the somatosensory cortex as seen by MB-SWIFT and SE-EPI (n = 6).

# Activated pixels, ipsi # Activated pixels, contra Peak response (%), ipsi Peak response (%), contra fSNR, ipsi fSNR, contra
MB-SWIFT 2° 73 + 26" 11 +10% 2.2 +0.4° 1.6 + 0.4" 14.7 + 4.4 5.4 +27
MB-SWIFT 4° 115 + 31" 32+19° 3.6 +0.6" 2.6 +0.6" 22.0 +13.1 10.5 + 4.0°
MB-SWIFT 6° 115 + 27%° 27 £15° 4.4+ 0.7 2.6 +0.8" 27.2 +7.8™" 11.9 + 9.6
SE-EPI 106 + 27 40 + 22 3.8+0.4 3.1+03 11.5+3.1 9.1 +3.6

p < 0.05, Mann-Whitney U test.
? Differs from SE-EPL
b Differs from flip angle 2°.

A
9
©
C
A=)
)
g

Time (min)
B 6.0 ' : :
S ol MB-SWIFT
=
201\

D {tend .
2 0 - R
-2.0 T T T
1 2 3

Time (min)

Fig. 2. Mean time series in the ipsilateral ROI drawn in the somatosensory cortex rostral
to the electrode artifact (n = 6). FMRI response as detected by (A) SE-EPI and (B) MB-
SWIFT with different flip angles. MB-SWIFT time courses exhibit significant flip angle
dependence. Interanimal standard deviations are indicated by the shaded areas.

allowing the signal to be localized correctly in every direction in 3D
space, and even in a close proximity to the electrode's surface. We have
demonstrated this in our results in the case of thalamic activation: MB-
SWIFT showed thalamic activations immediately adjacent to the elec-
trode, whereas with SE-EPI the activations were spatially shifted and
exhibited by fewer animals. The bilateral activation patterns obtained
with MB-SWIFT and SE-EPI were similar and consistent with previous
studies (Lai et al., 2015; Yang et al., 2013). Further investigation is
needed to confirm an exact overlap of activated areas between MB-
SWIFT and BOLD. This requires co-registration of the activation maps
which was not feasible here due to the severe susceptibility artifacts
present in SE-EPIL

Unlike EPI sequences that acquire snapshots in time per slice much
faster than the nominal time resolution (or sequence TR for EPI), MB-
SWIFT continues to acquire through the whole functional time period.
Hence, MB-SWIFT gives a time averaged 3D volume over that time
period. Time averaging, or time efficient acquisition, is one reason for the
clearly superior ipsilateral fSNR of MB-SWIFT observed in our study.
Other factors for the good fSNR are the lack of To* related signal loss,
natural oversampling of the center of k-space using 3D radial imaging but
likely also more advanced reconstruction (Beck and Teboulle, 2009). In
general, the fSNR as a function of flip angle is expected to approximately
follow an inverse U-form depending on the inflowing blood's “Ernst
angle”—that is related to the circulation time of the blood—and

8.0
6.0
4.0
2.0

ASignal (%)

-2.0

MB-SWIFT

Time (min)

Fig. 3. Functional response using MB-SWIFT using 1 s time resolution and flip angle of 6° (n = 3). (A) An activation map overlaid on an MB-SWIFT image, (B) anatomical FSE image of the
corresponding slice and (C) mean time series from the ipsilateral somatosensory cortex. Interanimal standard deviations are indicated by the shaded areas in (C).

o8]

Control
ASignal (%) O

Saturation >

MB-SWIFT |~ |

— Control |

Time (min)

Fig. 4. Functional response using MB-SWIFT with a saturation band. Activation maps (prwg < 0.05) with the saturation band (A) in the back of the brain, (B) in front of the brain and (C)
the corresponding mean time series from the ipsilateral somatosensory cortex (n = 5, flip angle = 6°). The fMRI contrast is virtually removed by saturating inflowing blood. The red
rectangles in (A, B) indicate the placement of the saturation band, and interanimal standard deviations are indicated by the shaded areas in (C).
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decreasing SNR of the baseline with increasing flip angle. In this study,
we could not achieve higher flip angles than 6° as this required near
maximum power output of the RF amplifier.

Our results indicate that the functional contrast detected with MB-
SWIFT mainly originates from blood flow increases during activation.
The increase in functional contrast detected with larger flip angle of the
MB-SWIFT indeed likely reflects the increased T; contrast between tissue
and increased amounts of T;-relaxed blood during activation. Additional
evidence for the contribution of blood flow is given by the observation
that the functional signal was significantly reduced or almost eliminated
when utilizing saturation bands that suppressed the contribution of the
inflowing blood. Arterial transit time in the sensory cortex—i.e. our re-
gion of interest—has been measured as approximately 300 ms when the
labeling slice was placed 2 mm caudal of the cerebellum (Thomas et al.,
2006). In our experiments, the saturation band covered the cerebellum
which likely led to an even shorter arterial transit time. Nevertheless,
some T, recovery is expected to happen during this shorter transit which
may at least partially explain the significantly reduced yet visible func-
tional signal even when applying the saturation band. Thus, since the
majority of activation was suppressed in most of the experiments where
the saturation band was applied, the main effect contributing to the
functional contrast is likely related to blood flow. Flip angle dependence
was also shown previously with SWIFT in human using visual stimulation
(Mangia et al., 2012). Prior extensive studies of BOLD contrast at high
magnetic field 9.4 T suggested that inflow is not a major contributor for
GE-EPI, however, increased functional response was shown with
decreasing TR and was attributed to perfusion (Wang et al., 2012). Both
inflowing blood and perfusion likely contribute to MB-SWIFT since it is
not based on To* contrast. However, it is possible that the component
more directly relevant to neuronal activity, i.e. perfusion, could be
extracted from the signal. Currently, MB-SWIFT can be regarded as an
alternative, high-CNR method to other T or T;-weighted mapping efforts
to detect brain activation, such as those based on arterial spin labeling
techniques (Detre et al., 2012).

Previously, fMRI studies using visual stimulation have also been
conducted using 3D ultra-short TE (UTE) at 3 T in humans (Kim et al.,
2013). Interestingly, the authors detected only negative responses of
approximately —0.5%, while BOLD response was mainly positive at
approximately 2.0%. This is opposite to our results and also opposite to
previous SWIFT fMRI observations (Mangia et al., 2012). While our first
investigations of the origin of the MB-SWIFT functional contrast clearly
indicate a predominant role of blood inflow, we cannot rule out that
other mechanisms may play a role as well, although likely to a
lesser extent.

Zero TE (ZTE) (Hafner, 1994; Madio and Lowe, 1995; Weiger et al.,
2011, 2012) could be considered as an alternative to MB-SWIFT. RF
pulses used in ZTE consist of a single short hard pulse whereas in MB-
SWIFT the pulses are formed of gapped frequency swept chirp pulses
with acquisition within the gaps. For both pulse sequences, the excitation
profile is described by a sinc-function so that acquisition bandwidth is set
to the top of the main lobe of the sinc (Idiyatullin et al., 2008, 2015).
Signal can be excited also outside the acquisition BW by the side lobes
though usually, this part of the excitation profile is set outside the RF coil.
To maintain a reasonably flat excitation profile within the acquisition
BW, pulse length should not exceed 1/2BW (10% drop in excitation
profile to the edge of the FOV). Thus, to achieve high BWs with ZTE or
MB-SWIFT, very short pulses are required. Hence, when increasing the
flip angle for ZTE, peak RF power can be easily reached as only one RF
pulse is used inside a TR. In this case, the only way to further increase the
flip angle is to increase the pulse length (Weiger et al., 2013) which can
compromise the excitation profile. However, since MB-SWIFT uses
multiple sub-pulses inside a TR (assumed equal), MB-SWIFT can achieve
higher flip angles while maintaining the pulse length and thus relatively
flat excitation profile. This advantage will be even more critical for
human studies using bigger and less efficient RF coils. It should be noted
though that in the version of MB-SWIFT used here, the acquisition time is
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directly proportional to the number of sub-pulses and hence ZTE can be
more time efficient if hardware restrictions allow this. However, the
increased acquisition time of MB-SWIFT could be shortened using
super-resolution methods in future work (Idiyatullin et al., 2015).
Finally, the excitation profile of MB-SWIFT can be described as “striped”,
however, the use of fully frequency swept chirp pulses produce virtually
continuous profiles (Idiyatullin et al., 2015).

A crucial aspect of DBS-fMRI is the heating of the leads because of the
currents induced by MRI especially with high specific absorption rate
(SAR) pulse sequences. Based on the RF power measured at the input of the
coil, we estimate that our experiments with MB-SWIFT at 6° flip angle
correspond to SAR of ~20 W/kg in the rat head. While this is a large value,
by going down to more clinically relevant field strengths, e.g. 3.0 T and
1.5 T, the estimated SAR is reduced to ~2 W/kg and 0.5 W/kg, respec-
tively. According to current manufacturer guidelines for MRI of patients
with implanted DBS leads (Medtronic, 2014), the head only SAR limit is
0.1 W/kg at 1.5 T. Hence, further improvements are needed to make
MB-SWIFT fMRI more feasible in patients with implanted DBS leads
including e.g. reduced flip angle, reduced BW and possibly adding gradient
modulation to the acquisition (Zhang et al., 2016). Safety studies of
MB-SWIFT in combination with DBS leads are necessary and in general the
feasibility of MB-SWIFT fMRI in human should be thoroughly investigated.

As any 3D radial sequence, MB-SWIFT is coil dependent so that all
signal detected by the coil needs to be included in the FOV, and as such,
this limits the achievable spatial resolution. Given that inflow is the main
contributor to the functional contrast of MB-SWIFT, the response is
similarly coil dependent. In addition, although true 3D fMRI can be
beneficial, its main caveat is the achievable time resolution, as sufficient
amount of data needs to be collected in order to avoid aliasing artifacts.
Here we demonstrated MB-SWIFT fMRI with 3 s, but also 1 s time reso-
lutions, leading to 76% (3094 spokes) and 92% (1010 spokes) under-
sampling at the edge of k-space, respectively. Hence, at least moderate
time resolutions are achievable with MB-SWIFT and other similar ultra-
short-TE MRI sequences. In human scans, the TR from spoke to spoke
will likely need to be increased due to the SAR limitations discussed
above and due to slower gradient performance. Hence, less data can be
acquired per unit of time compared to preclinical scanners. However, as
we indeed demonstrated 1 s time resolution with 1000 spokes, time
resolutions near 3 s using <3000 spokes resulting in matrix size of 64°
should be feasible for human studies.

5. Conclusion

We have demonstrated that susceptibility artifact free fMRI data can
be obtained using MB-SWIFT in the presence of an implanted electrode
used for DBS. Our results indicate that the fMRI contrast detected with
MB-SWIFT mainly originates from blood flow. The increase in the acti-
vation detected with larger flip angle MB-SWIFT is dominated by the
increased T; contrast between blood and tissue. The contribution of
blood flow to the activation was demonstrated by an additional study
utilizing saturation bands in the caudal area of the brain which largely
suppressed the functional contrast. Our results indicate that with MB-
SWIFT fMRI response could be monitored even in the close proximity
to an implanted DBS lead. The described strategy may represent an
additional step toward intraoperative fMRI during DBS implantation in
humans and for future MRI studies of awake animals, due to its immunity
to susceptibility and motion artifacts.
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