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Abstract

This work describes our first efforts to implement SWIFT (SWeep Imaging with Fourier
Transformation) in continuous mode for imaging and spectroscopy. We connected a standard
quadrature hybrid with a quad coil and acquired NMR signal during continuous radiofrequency
excitation. We utilized a chirped radiofrequency pulse to minimize the instantaneous
radiofrequency field during excitation of the spin system for the target flip angle and bandwidth.
Due to the complete absence of “dead time”, continuous SWIFT has the potential to extend
applications of MRI and spectroscopy in studies of spin systems having extremely fast relaxation
or broad chemical shift distributions beyond the range of existing MRI sequences.
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1. Introduction

In the late 1970’s, manufacturers of NMR instruments changed direction from producing
continuous wave (CW) spectrometers to pulsed Fourier Transformation (FT) spectrometers.
The change was enabled by extensive computerization of spectrometers and the
development of the FFT [1], and was predominantly motivated by Ernst’s works [2-5]
showing the advantages of pulsed FT techniques for spectroscopy. Acquisition in the
presence of a radiofrequency (RF) field of very low power (milliwatts) was replaced by
acquisition of free induction decay (FID) following a short (microseconds) RF excitation
pulse of high power (kilowatts). Frequency and field modulation with lock-in receivers
became obsolete and creative efforts were instead directed toward improvement of high
power transmitters, fast transmit/receive (T/R) switches, and flexible pulse programmers.
Modern magnetic resonance imaging (MRI) was developed based on the same pulsed FT
NMR platform [6]. However, due to the need to use larger probes in most MRI applications,
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the requirements for MRI scanners are different from the requirements for NMR
spectroscopy. Larger RF coils in MRI demand higher power and require longer pulse
lengths to excite the spin system to the same flip angle. Indeed, acquiring an FID after a long
RF pulse no longer yields a high quality (baseline free) spectrum of the spin system. In
reality the acquired signal is a truncated FID with inevitable off-resonance phase distortion
and decreased contribution from fast relaxing spins. Therefore, MRI more than NMR
spectroscopy can gain from using elements of the “old” CW, rapid scan [7], and stochastic
[8] techniques. One example of reviving ideas from CW NMR is the use of adiabatic pulses
[9-11] in many MRI applications. Another example is the SWIFT method (SWeep Imaging
with Fourier Transformation) [12], which uses swept RF excitation and virtually
simultaneous signal acquisition in a timeshared mode. SWIFT has significant benefits for
studying objects with ultra-fast spin-spin relaxation rates and has already found many
applications [13-16]. In the time-shared mode, the transmitter is “on” during time g, and
“off” during the rest of the dwell time d{, =1/4,, for the acquisition, where &, is the
baseband excitation bandwidth and a¢ = 7p4, is a transmitter’s duty cycle. In this “gapped”

by
mode of SWIFT, the RF excitation energy is proportional to the ratio A [17]. Gapping
always compromises the signal-to-noise ratio (S/N) compared to un-gapped acquisition

because S /N o« +/1-d.—t4b,, Where 4 is “dead time”. The dead time is the time period after
switching the transmitter off, during which the decaying residual transmitter signal is higher
than the thermal noise background, which prevents acquisition. For a standard T/R switched
transceive coil, # is proportional to the coil ring-down time, which depends on the quality

factor Q of the coil and the Larmor frequency as wg [18]. Due to this constraint, very high
excitation bandwidths can be difficult to achieve with gapped SWIFT especially at low
Larmor frequencies due to the finite # required for ring-down. Furthermore, & consumes
valuable acquisition time in the gaps. Thus, time-shared acquisition imposes a practical
limitation for the SWIFT technique. However time-shared acquisition is just one of many
modulation techniques used in CW spectroscopy to isolate spin signal from the excitation
field [19,20] that can be considered for SWIFT. A continuous wave NMR imaging (CW-
NMRI) system, which utilized magnetic field modulation in the slow sweep condition
together with phase-sensitive detection and lock-in amplifier, has been demonstrated for
three-dimensional multi-nuclear imaging of different materials [21]. In addition, a sideband
modulation technique adapted to a modern scanner using a digital receiver was proposed
recently [22,23]. There are also different schemes with hybrids and circulators used in radar
technology to reach considerable T/R isolation [24]. The goal of the present work is to
implement SWIFT in a continuous mode (cSWIFT) for imaging and spectroscopy on a
modern MRI scanner with minimal hardware modification. We describe below our initial
results and discuss possible future improvements.

2.1. Signal description

A sweeping frequency can be written as an explicit function of both time and frequency. The
response to such excitation can be treated in either the time or frequency domain. In the case
of constant RF amplitude and linear frequency sweep, the pulse is represented by the chirp
function [25]:

¢~ =exp(—inbt?)=exp(—iw? |4nb)

ct=exp(inbt?)=exp(iw? [4nb), @
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where bis the sweep rate in sec™2 and the subscript “~” or “+” denotes the sign of the
frequency sweep direction. In continuous mode the acquired raw signal, S, consists of the
mixture of the spin signal with the “leakage” of the transmitted signal. For small flip angles,
when the spin system can be considered a linear system, the spin signal presents as the
convolution of the FID, /(#), with the excitation function [26]. Thus S'is described as:

S=(h(t)® ") ¢ +Ae™, @)

Where the symbol @& means convolution, multiplication by ¢~ describes phase sensitive
detection with the receiver frequency locked to the excitation frequency (the frequency-
modulated (FM) frame [9]), and where A and ¢ are the relative amplitude and phase of the
transmitter leakage signal. In the FM frame, the transmitter signal is a smooth function of
time and may be subtracted using some type of model-based fit (see below). Afterwards, the
spectrum of the spins, H(w), can be extracted by one of the existing schemes of de-
convolution (correlation) by considering: (a) the signal in the time domain as in the SWIFT
method:

H)=F{un) @ c'}«F{c}, ®
or (b) as a frequency domain signal, as used in the rapid scan correlation method [7,27]:
Hw)=F{F {(h(h®c")c"}c}, 4

where the operation F{ } represents Fourier transformation. In practice however, baseline
correction is incapable of fully removing the transmitter leakage signal. One can show that
due to pulse non-ideality and boundary effects the residual transmitter signal will be
transformed differently in these two specific de-convolution procedures, which could be
used as a quality test of the baseline correction. A combination of the results might be used
as an additional tool to clean up the resulting spectrum.

2.2. Levels of spin signals and leakage

The amplitude of the frequency-modulated pulse in frequency units, wy, that is needed to
excite a spin system with flip angle, 6, and bandwidth, &, satisfies the relation [17]:

w1=yB1 ~ /™ 6by,/d. VR, ©)

where 1y is the gyromagnetic ratio, is the RF field amplitude, /2" is a shape function
(which is equal to 1 for a chirp pulse), 7, is the pulse length, and R= 7,4,. The curves in
Fig. 1 present the calculated values of w; needed to rotate a proton spin system to the “Ernst
angle” in a spoiled steady-state experiment with longitudinal relaxation time 73 =1s. The
repetition time, 7g, is equal to the acquisition time, which in the case of SWIFT is equal to
7. In the case of gapped SWIFT, the hyperbolic secant (HS) shape with transmitter duty
cycle a; = 0.33 with R =256 was used. For comparison, the RF amplitude needed for a
standard square hard pulse having length equal to 1/(3*&,) [17] is also presented. Note that
cSWIFT, in comparison to pulsed MRI, needs about 100 times (40db) lower amplitude of
the RF pulse or less, depending on R value.

To obtain a rough estimate of the relative levels of the RF amplitude in comparison to the
spin signal amplitude during a gapped SWIFT experiment (with HS pulse, ot =0.33, R =
256, &, = 60 kHz), we first performed direct measurements with an oscilloscope. A 15-cm
spherical phantom filled with water was used. The voltage scale shown in Fig. 1 was set
based on those measurements. We also estimated that the receiver threshold was about 1.3 V
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with these parameters. The receiver threshold was the maximum signal level allowed as
determined by the electronic sensor in the Agilent system which gives the “overflow” error
message when it is exceeded. Thus, according Fig. 1, to ensure that, with the utilized
parameter set, a signal in continuous mode does not exceed the specified linear region of the
receiver, a minimum of 40 db isolation between the transmitter and receiver is required.

2.3. Transmitter-receiver isolation

To reduce the dynamic range of the signal and to decrease the contribution of the
transmitter’s systematic and thermal noise in the resulting spectra, the leakage amplitude A
must be minimized. Let’s consider a well-known scheme in MRI based on a quadrature
hybrid used to connect quad coils (Fig. 2). This connection scheme is also in use for
monostatic radar as a self-duplexer with about 30-40 db T/R isolation [24].

The leakage A in this scheme has at least two sources. The first, Ay, is due to direct
coupling between transmitter and receiver via connectors inside the hybrid, which depends
on the quality of the hybrid. The second, Ag, appears due to a mismatch of impedances
between the coil probe and hybrid. Considering that the hybrid’s bandwidth is much broader
than that of the coil, one can conclude that the frequency dependence of the leakage is
mostly determined by the Ag, term. In a simplified description, the leakage can be
approximated by [28]:

Rprobe AWT
1+Aw?72 |’

Rprobe

Aw) x Ahh+Ach(w)=Re(Ahh)—Rh+m

+i Im(Ahh)+ @

where ay is the resonance frequency, Aw = @ = awy, T=2Q wy, and R, and Ryrope are
respectively the hybrid and probe resistances, which are usually (by matching or design)
about 50 ohms. For the case of Awt K 1, Eq. (7) predicts almost linear off-resonance
dependence of the leakage.

In practice, the transmitter leakage signal can be minimized by careful adjustment of the
tune/match system and therefore very high isolation can be attained at a given frequency. In
this simple scheme, however, the leakage amplitude will be sensitive to coil deformation,
vibration, and load variations due to sample movement, all of which should be minimized as
much as possible. At some level such instabilities can be compensated during signal pre-
processing.

2.4. The signal pre-processing

To obtain projections of the scanned object, cCSWIFT requires pre-processing of the acquired
(raw) real and imaginary components of the signal. The step-by-step procedure used herein
is shown in Fig. 3. At the raw data stage (/) ® ¢")c + Ae'?) (Fig. 3a), leakage is clearly
visible and is mostly confined to the imaginary component, which has almost linear
dependency on frequency as predicted by Eq. (7).

2.4.1 Subtraction of leakage signal—The leakage signal Ae”# is additive to the spin
signal, so it should be subtracted. As was mentioned previously for the small sweep range
used in spectroscopy the leakage signal can be approximated by a linear function. However
for imaging, especially of short 7, objects, the required sweep range usually exceeds the
linear regime and a polynomial fitting procedure must be used. We found that fitting by a
second order polynomial is more practical than the full Eq. (7). To avoid noise contribution
to the fitting, the average of groups of projections should be used; however zero order
coefficients could be adjusted for each projection individually to compensate long term
drifts of the transmitter leakage.
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It is important to note that with chirp excitation artifacts appear when spins are excited close
to the beginning or end of the pulse. In this initial work we avoided these effects by
choosing the field of view to be about twice the size of the studied objects. In the future edge
effects could be minimized by a smooth ramp up and ramp down of the chirp pulse at sweep
frequencies outside the acquisition bandwidth (field of view) [10].

2.4.2 Pulse imperfection and “bullseye artifacts” —Because the same pulse is used
to excite each projection, pulse imperfections affect each projection in the same manner. As
a result, the reconstructed images are distorted by artificial spheres of different radii and
intensity, which we call “bullseye artifact”. These artifacts that arise from pulse
imperfections can be corrected [29]. The correction function is found from high—pass
filtering the average of all projections. For cSWIFT data, “bullseye correction” [29] can be
applied on the time domain signal after baseline subtraction and one more time subsequently
on the correlated spectra. It is worth noting that due to the leakage contribution one part of
the artifact signal is additive in the time domain and the other (due to convolution of pulse
function and spin signal) is multiplicative in the frequency domain [29].

2.4.3 Transformation to the first rotating frame—~Fig. 3b presents the rescaled signal
in the FM frame after baseline subtraction (/8 @ ¢*)c”). This signal is transformed to the
first rotating frame (at the Larmor frequency) by multiplication with the complex chirp pulse
(Fig. 3c).

2.4.4 Correlation—The final correlation step produces the time domain spin impulse
response (FID) A(9 (Fig. 3c).

3. Methods

The spectroscopic and imaging data presented here were acquired using 9.4 T (31 cm-bore)
and 4 T (90 cm-bore) MRI scanners equipped with Varian (now Agilent) DirectDrive™
consoles. The maximum available field gradient strengths are 400 and 40 mT/m,
respectively. The images from the 4 T scanner were acquired with the basic connection
scheme presented in Fig. 2 with a quadrature transmit/receive breast coil, which consists of
two orthogonal single loop coils of about 20 cm diameter (Q 50 at 169 MHz) [30]. A linear
2.2 cm single loop coil (Q ~ 100 at 400 MHz) was used at the 9.4 T scanner with a similar
connection (Fig. 2) but with 50 ohm termination at the hybrid’s second output. In all cases,
transmitter coupling through the hybrid as observed with the console was minimized
through the adjustment of individual coil tune and match conditions.

In low band spectroscopic experiments, due to the relatively narrow excitation bandwidth (6
kHz), the relation Awz < 1 was satisfied and a linear approximation for the baseline was
used.

In cSWIFT imaging, the baseline was fitted by a second order polynomial that was more
practical than the full Eq. (7). To avoid noise contribution to the fitting, the average of all
projections was used. To minimize the spin signal contribution to the fitting, only points at
the beginning and end of the average projection (20% of all points) were used; however zero
order coefficients were adjusted for each projection individually to compensate long term
drifts of the transmitter leakage.

A “bullseye correction” [29] was applied on the time domain signal after baseline correction
and one more time on the correlated spectra. The “bullseye correction” is necessary to
correct effects from pulse imperfections which are additive in the time domain and
multiplicative in the frequency domain [29].
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Acquisition parameters, phantoms, and tissue sample were:

1. Ethanol phantom: A 15 cm diameter glass sphere loaded with 40% ethanol-water
mixture. Acquisition parameters: 4 T, cSWIFT with &, = 6 kHz, 4096 complex
points per spectrum;

2. Test phantom: The phantom consisted of 7 centrifuge tubes (50 mL) containing 1%
agarose gel in water doped with different concentrations of magnesium chloride.
The tubes were submerged in water in a 500mL tapered cylindrical plastic
container. Acquisition parameters: 9.4 T, cSWIFT and SWIFT with 4, = 62.5 kHz,
64000 views (spokes in k-space), 256 complex points per view, the diameter of
field of view was 40 cm, total acquisition time 4 min;

3. TKA sample: A human total knee arthroplasty sample with approximate
dimensions 2.5 cm x 2 cm x 1 cm. Acquisition parameters: 9.4 T, cSWIFT and
SWIFT with &, = 71 kHz, 128000 views, 256 complex points per view, the
diameter of field of view was 4 cm, total acquisition time 7.7 min;

4. Water phantom: A 15 cm diameter glass sphere loaded with water. Acquisition
parameters: 4 T, cSWIFT with &, = 1 MHz, 4096 complex points per spectrum
with sweep rate 6= 24.4 MHz/sec. The sliding acquisition bandwidth, swwas
equal to 100 kHz.

The sweep rate in the case of cSWIFT was equal to 4,/ 7. For gapped SWIFT a hyperbolic
secant function [31] with oversampling factor equal to 16 [17] was used. The sweep time
(=acquisition time) of each view in SWIFT and cSWIFT was equal to 7, = 256/4,. The time
delay between the end of one acquisition and the start of the next acquisition was fixed at
0.6 ms. The field gradients changed values at the beginning of that delay. Each acquisition
results in one spoke (radial center out trajectory) of k-space after pre-processing. The
terminus of the radial spokes form isotropically distributed points on a sphere located in one
of up to 32 interleaved spirals [32]. 3D radial SWIFT data were processed using an in-house
program developed in LabVIEW (National Instruments) and interpolated with a Kaiser-
Bessel function onto a Cartesian grid utilizing in-house matlab mex code.

4.1. Spectroscopy with cSWIFT

Fig. 4 presents the array of raw data (top) and de-convolved spectra (bottom) of the ethanol
phantom with increasing flip angles (from left to right) in continuous mode. As expected the
baseline of the raw data (A) increases with increasing flip angle and is approximately equal
to the amplitude of the FID.

4.2. Imaging with cSWIFT

Images of the test phantom were obtained with gapped and continuous SWIFT sequences,
with minimal differences in experimental conditions and parameters (Fig. 5). The peak
power used for excitation in continuous mode was about 0.8 Watt, which was about 40 times
less than that used in gapped SWIFT. It should be mentioned that the large change in
necessary power was a result of both gapping and the less favorable shape factor of the
hyperbolic secant pulse used in gapped SWIFT relative to cSWIFT. The power level used in
cSWIFT is extremely low as compared to the high peak power (4 kW) typically transmitted
at 4 T, so for lower overall noise we chose a lower wattage amplifier with a better noise
figure. The high power amplifier was replaced with a 10 W linear amplifier. With this setup,
the noise introduced by the output of the linear amplifier was lower than the receive-only
noise floor. Accordingly, the profile in the resulting cSWIFT image, shown in Fig. 5, is less
noisy than the profile from the regular SWIFT image.
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The cSWIFT image of a human total knee arthroplasty (TKA) sample is presented in Fig. 6
(left) and compared with a gapped SWIFT image (right) with approximately similar flip
angles. In this case, at the 9.4 T scanner, cSWIFT data were acquired without any
transmitter amplifier and the hybrid was directly connected to the output of the console.
Although in this case the Ernst angle was not achieved because the output of the console
transmitter is only ~20 mW, this is still a remarkable demonstration of the power efficiency
of the technique.

The connection of the linear coil using a hybrid with the unused output terminated by a 50
ohm load at room temperature decreases SNR by the fraction of the terminator’s noise
power that reaches the preamplifier through the hybrid [33], and is used here only for “proof
of principle”. A more optimal connection scheme for the linear coil could be achieved with a
circulator [33].

It is worth noting that the relative intensity of the cartilage signal is higher in continuous
mode. The contrast difference in these images might be related to an additional saturation of
broad collagen signal [34] from the sidebands created in the gapped mode [17], but a
definite conclusion requires more detailed study.

4.3 High bandwidth spectroscopic experiment

To emphasize the difference between continuous and gapped versions of SWIFT, Fig 7
shows the raw cSWIFT data (real and imaginary components) obtained from the water
phantom using extremely high bandwidth. Such a high bandwidth is practically unreachable
with the gapped version of SWIFT. The shapes of the baselines are accurately predicted by
Eq. 7.

Unlike the previously presented cSWIFT experiments, here the acquisition bandwidth (sw)
differs from excitation bandwidth (= sweep range) (4,,). Because the receiver frequency
changes frequency synchronously with the sweeping frequency, the acquisition window in
this case should be considered as a sliding window. The sliding acquisition window swwas
100 kHz, which is ten times less than entire sweep range, &,. In cSWIFT the main magnetic
field is constant and each spin, after excitation, keeps its own constant resonance frequency
in the laboratory frame. In the FM frame, a spin’s frequency will appear to be changing in
time with the sweep rate 6. The audio filter of the receiver will truncate all signals outside
the —swi2 to +swi2 window (Fig. 7), and this is equivalent to a time-domain apodization.
Thus, the sliding window results in a broadening of the spectral lines by about 24/sw hertz.
In specific case presented, the broadening corresponds to 500 Hz; but at the same time, the
S/N is improved by a factor of about sqrt(4,/sw) = 3.16. The possibility to independently set
swand B, creates additional flexibility for optimizing the S/N, acquisition time, and power
consumption for each specific case.

5. Conclusions

There are two main factors which distinguish SWIFT from pulsed NMR techniques and
these make it possible for SWIFT to be performed in a continuous mode. The first is that,
when implemented with a chirp excitation pulse, SWIFT uses the lowest possible peak
amplitude of the RF field for a given flip angle and bandwidth because the power is evenly
distributed in time. Second, although the leakage signal may occupy the biggest fraction of
digitized signal, the requirement for high dynamic range is somewhat reduced because the
spin signal (convolved with the excitation pulse) is also distributed in time..

The results presented here were obtained using Agilent DirectDrive™ systems with minimal
hardware modification; specifically, the transmitter was bypassed or replaced by the low
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power linear amplifier. We obtained high quality images with SWIFT in continuous mode
with bandwidths up to 71 kHz. Increasing the bandwidth will require dedicated hardware
modifications, including possible construction of a probe with highly decoupled crossed
coils, optimizing a connection scheme based on hybrids or active circulators [35], and/or
replacing the preamplifier with one having an extended dynamic range. In the meantime, the
highly oversampled digital receiver used on the Agilent system greatly exceeds the
discretization requirements for cSWIFT. We also noticed the presence of a long term
temperature drift on the leakage amplitude, possibly related to the stability of the transmitter
output and/or tune/match unit. However the effect of this drift on the quality of the
reconstructed images was eliminated by applying separate baseline corrections on relatively
short blocks of the collected data. Of course, transmitter leakage would be reduced by
improved adjustment of the probe to secure better isolation.

In general, the results presented can be considered a successful “proof-of-principle” of the
continuous SWIFT technique. In particular, we believe that the quality of available scanner
electronics is good enough to develop the “direct” continuous SWIFT technique up to very
high bandwidths, without involving any spin modulation procedure. With this direct method,
object motion remains a concern since it will modulate the leakage signal due to varying coil
loading. We believe future engineering advances will address this issue by attaining
improved T/R isolation and/or by fast feedback compensation of such modulation [36].
Alternatively, one can also consider using some form of modulation technique involving
minimal modifications to existing MRI hardware.

At this stage of development we did not plan to do a comprehensive S/N comparison
between the gapped and continuous versions of SWIFT. It is obvious that due to inherently
high T/R isolation the gapped SWIFT will always have an advantage in the simplicity of
experimental setup for most applications. However the ability of continuous SWIFT to
provide extremely high bandwidths at high and especially at low Larmor frequencies, where
gapped SWIFT will fail, allows this method immediately to find a niche in MRI. In general
the result of any comparison of these two methods will depend on the success of solving the
above mentioned technical problems.

In conclusion, due to the total absence of “dead time,” continuous SWIFT has the great
potential for extending the application of MRI and spectroscopy to studying spin systems
having extremely fast relaxation or broad chemical shift distributions beyond that of existing
short 7, sensitive MRI sequences.
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Figure 1.

The calculated values of w, (left axis) and estimated voltages (right axis) of RF amplitude
vs. bandwidth in comparison with the amplitude of the spin signal and receiver threshold
(details in the text).
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Figure2.
Quad coil connection based on a quadrature hybrid.
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Figure 3.
Step by step (a—b—c—d) modification of the acquired raw real and imaginary cSWIFT
signal until the projection of the scanned object is obtained (details in the text).
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Figure 4.
Array of raw data (top) and de-convolved spectra (bottom) of the Ethanol phantom with

increasing flip angles (from left to right) in continuous mode.
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Figure5.

Selected slices of 3D images of the Test phantom obtained under as similar as possible
conditions with the gapped (right) and continuous (left) SWIFT sequences. The profiles
(yellow) show the signal intensity across the object.
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Figure6.
Selected slices of 3D images of the TKA sample obtained under as similar as possible (see

text) conditions with the regular (right) and continuous (left) SWIFT sequences.
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