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Abstract

Purpose—The unpleasant acoustic noise is an important drawback of almost every magnetic
resonance imaging scan. Instead of reducing the acoustic noise to improve patient comfort, a
method is proposed to mitigate the noise problem by producing musical sounds directly from the
switching magnetic fields while simultaneously quantifying multiple important tissue properties.

Theory and Methods—MP3 music files were converted to arbitrary encoding gradients, which
were then used with varying flip angles and TRs in both 2D and 3D MRF exam. This new
acquisition method named MRF-Music was used to quantify Tq, T, and proton density maps
simultaneously while providing pleasing sounds to the patients.

Results—The MRF-Music scans were shown to significantly improve the patients' comfort
during the MRI scans. The T and T, values measured from phantom are in good agreement with
those from the standard spin echo measurements. T4 and T, values from the brain scan are also
close to previously reported values.

Conclusions—MRF-Music sequence provides significant improvement of the patient's comfort
as compared to the MRF scan and other fast imaging techniques such as EPI and TSE scans. It is
also a fast and accurate quantitative method that quantifies multiple relaxation parameter
simultaneously.
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Introduction

Magnetic resonance imaging (MRI) is widely used in medicine to diagnose and follow
disease. However, an important drawback is that the MRI scanning process generates
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significant acoustic noise. The source of the noise is the switching of the magnetic fields
used to encode the images. Conventional MRI uses repetitive switching patterns, which
causes intense vibrations in the MRI scanner hardware that manifest as banging or clanging
noises. These loud, unpleasant noises cause deleterious effects that can range from simple
annoyance to heightened anxiety and temporary hearing loss for both patients and healthcare
workers(1-4). Specific populations such as the elderly, children, claustrophobic patients,
extremely ill patients, and those with psychiatric disorders can be more particularly sensitive
to this noise, which may add anxiety to an already stressful procedure(5). The noise also
affects functional MRI studies of brain activation, as a spurious source of brain
activation(6,7).

For these reasons, there have been many approaches proposed to reduce or eliminate the
acoustic noise(8-12). Here instead of trying to eliminate the sound of the scanner, we
hypothesize that making the sounds pleasant would also increase patient comfort. In contrast
to previous methods that separated data collection and music generation (13), we take
advantage of new degrees of freedom in the newly proposed method of Magnetic Resonance
Fingerprinting (MRF)(14) to directly convert music to the encoding gradients, which could
provide a more efficient scan. As demonstrated below, this MR Fingerprinting-Music (MRF-
Music) acquisition is a specific form of MRF that allows one to generate quantitative MR
images with a pleasant sounding acquisition. This concept could dramatically change
patients' experience during the MR scans while still maintaining high scan efficiency and
diagnostic quality as compared to conventional quantitative methods.

The main considerations of conversion from music to gradients were to 1) meet the
hardware requirements of the scanner system, 2) preserve the sound of the music, 3)
combine the gradient design with basic imaging criteria such as sequence timing, image
resolution and field of view, and 4) have sufficient sampling density to generate accurate
maps. All of the MRF-Music acquisitions tested here were based on a recording of Yo Yo
Ma playing Bach's “Cello Suite No. 1” found on a common internet repository (http://
www.youtube.com/watch?v=PCicM6i59_1I).

First, the audio waveform is processed with a conventional audio compression filter that
minimizes the peaks of the waveform and generally constrains the waveform to a band of
amplitudes. In order to meet hardware requirements, the music was then low pass filtered to
4 kHz to remove the high frequency oscillations that cannot be replicated by an MR gradient
hardware. The intensity of the music was scaled to meet the requirement of the maximum
gradient amplitude. The music was then resampled to 100 kHz to match the gradient raster
time of the gradient amplifiers, (Z.sz-= 10us as defined by SIEMENS scanner, Siemens
Healthcare, Erlangen, Germany).

A key observation for design of the encoding is that the gradients should all be zero at the
boundaries of the different segments of the TR, especially during the transitions between
slice selection and readout. Thus preserving the inherent zero crossing of the music
waveform is key to preserving the sound of the music while maintaining the ability to
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encode the image. Therefore, the zero crossings of the music waveform were located, and
the acquisition blocks, each defined by a time TR, were separated in time by these inherent
music segments. Depending on the requirements for RF duration and acquisition time, the
zero crossings were grouped such that each TR had a fixed humber of music segments, each
of sufficient duration that start and end at zero. The gradients were then designed in each of
these segments according to the excitation profile and image resolution as described below.
Since these gradients are required to be zero at the start and end of the segment, each of the
different segments can be designed independently.

As an example, we show the 2D MRF-Music with four segments in each TR as shown in
Figure 1. In this case, the first segment was used for RF excitation and the slice selection
gradient. The second segment was used for slice selection dephasing. The third segment was
the balanced readout encoding gradient with zero total gradient area, and the fourth segment
can either be used to build a slice selection rephasing gradient for a balanced SSFP (bSSFP)-
based sequence, where both slice selection direction and readout direction are balanced, or
used to build a spoiling gradient for a non-balanced SSFP (nbSSFP)-based sequence, where
a constant dephasing moment is introduced in the slice selection direction in each TR. In this
study, the nbSSFP-based sequence was used for 2D and 3D slab-selective imaging, but
changing to a bSSFP based sequence is straightforward.

While one could potentially solve for an ideal set of gradient waveforms at every point in the
sequence as in (15), we have observed that one can maintain the sound quality while making
relatively significant deviations from the actual music waveform as long as the basic timing
of the music is preserved. Thus one can use relatively simplistic gradient waveforms to
achieve all of the goals set out above. Since the duration of the slice selection and slice
selection dephasing/spoiling gradients were relatively short and the zero crossings of the
music were preserved, the gradients from the slice selection and spoiling/rephasing sections
in each TR were directly replaced by scaled half-sine waveforms. Since the timing is fixed,
the peak amplitude is given by:

M;
Gs_ i=Gine_ i X m [1]

where 7is the index of the segments, Ggjne ;= SIN(£{Nsj % 7), /=1, 2 and 4, Nz, Nszand Ngy
are the number of points in segment 1, 2 and 4, respectively, #is from 1 to N M;is the
required gradient area for each segment. The gradient area of the A (slice selection) and
M, (slice selection dephasing) are determined by RF duration, time bandwidth product and
slice thickness, and M, is the gradient area for a specific rephasing (for bSSFP-based
sequence) or spoiling moment (for nbSSFP-based sequence). In this study, in addition to the
spoiling moment introduced from the slice selection and slice selection dephasing gradients,
a 2w per voxel dephasing was added at the end of each TR. Introducing this constant
dephasing moment minimized B effects(16,17) in contrast to the fully balanced gradients
used in the original MRF acquisition. For the RF excitation, VERSE RF pulses(18,19) were
used to match the G5 ; music waveform and to achieve the same slice profile from a sinc
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pulse with a duration of 2000 us and a time bandwidth product of 8, such that the excitation
profile is maintained independent of the TR.

While there are infinite possibilities, the gradients from the third segment, which is where
the signal is read out, were designed according to two constraints: 1) These gradients must
start and end at zero and 2) they must have a total gradient area of zero. This process begins
by directly using the music waveform for these gradients. In this case, the first constraint is
already achieved by determining the segment length based on the zero crossings. An
efficient way to correct the gradient area was to subtract an additional gradient in the shape
of a half sine wave:

S
Z C;’sine 2

zes - Gsino X

where Gy is the target gradient and sis the music waveform. In this way, the area of the
gradient was scaled while the zero crossings at two ends of the gradient were preserved. Any
gradient shape that preserves the end points could be used here. As shown below, this small,
smooth additional waveform had a negligible effect on the sound of the acquisition.

At this point, the sequence would only read out a single line that could be rotated from TR to
TR similar to a radial scan. However in this case, there are infinite choices for encoding a
second dimension of the acquisition. Again, it was found that the addition of relatively
simple waveforms was able to preserve the sound while improving the encoding efficiency.
In this study, a three-lobed balanced waveform was added in the orthogonal direction to the
music waveform to increase the k-space coverage. The resulting k-space sampling pattern is
shown in Figure 1b. Although these additional gradients contribute to the sound, the
amplitudes and slew rates of these gradients are generally lower than that of the music-based
gradients, and thus the added sound volume is also low. During the acquisition, both gradient
waveforms were rotated by 0.9 degrees from one TR to the next, so that each TR along the
signal evolution had different spatial encoding without dramatically altering the music
sound. The k-space trajectories from 100 TRs are shown in Figure 1b, where each color
represents the music-based trajectory from one individual TR. Since the desired image
resolution was lower than the maximal extent of the k-space samples, only the inner range of
k-space samples was selected and used for image reconstruction.

A similar approach to sequence design was used to design a 3D slab selective sequence. In
this case, the slice direction was encoded through conventional Fourier encoding where each
partition was acquired through a separate repetition of the 2D music sequence described
above, with an additional half-sine gradient added to the slice rephaser (the second segment
in Figure 1) for conventional phase encoding.

As a final option, we investigated a fully non-selective 3D encoded sequence. As shown in
Figure 2, there were only two music segments required: RF excitation and balanced readout
gradients. In this case, no gradients were applied during the short RF pulse interval.
Following this, a bSSFP readout with the gradient integral of zero from all three encoding
directions was used to acquire the data. In this case the RF excitation could be kept very
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short such that it was largely outside of the audible range, thus very closely preserving the
sound of this sequence. The music gradients were designed to be uniformly distributed on
the sphere (20). While this results in a nearly isotropic spatial resolution, this encoding
pattern requires significantly longer to fully sample k-space, and we only demonstrate
undersampled variants here.

MRF-Music Sequence Design

The music gradients were implemented with a variable FA and TR pattern (Fig. 3) ina 2D
MRF-Music sequence. The conversion time from an mp3 music to the gradients used in a
2D MRF-Music sequence was 2 minutes on a desktop PC in Matlab (Natick, MA, USA).
Even though the exact flip angle series was arbitrary, the MRF-Music sequence used here
was designed based on the original MRF sequence. The sequence used a series of repeating
sinusoidal curves with a period of 250 TRs and alternating maximum flip angles. In the odd
periods, the flip angle was calculated as FA= 10 + sin(2w#500) x 50 + random, where tis
from 1 to 250, random(5) is a function to generate uniformly distributed values with a range
of 0-5. In the even periods, the previous period's flip angle was divided by 2 to add some
additional signal variations among different sections. The sinusoid shape allows the signal to
build up by using slowly increased flip angles. A 50 TR gap with no flip angle between
sections was chosen because this gave time for the magnetization to relax, in order to keep
relatively high signal intensity. The signal evolution during this period also shows a nearly
pure Trelaxation as well. In addition, adiabatic inversion pulses were added in every 1200
TRs to improve T4 sensitivity. The RF phases were set to 0 at all TRs.

Acquisition—All data were acquired on a 3T whole body scanner (Siemens Skyra,
Siemens Healthcare, Erlangen, Germany) with a 16-channel head receiver coil (Siemens
Healthcare, Erlangen, Germany). The range of the k-space samples that were used in the
reconstruction was determined by the desired image resolution. The 2D MRF-Music
acquisition used a square field of view (FOV) of 300 x 300 mm? and a resolution of 1.2x1.2
mm?2. Images were acquired at the iso-center. The slice thickness was 5 mm. A total
acquisition time of 68 seconds, corresponding to 4000 time points, was used for the 2D
acquisitions. For the 3D slab selective MRF-Music acquisition, 4000 time points were
acquired at each of 16 partitions, resulting in a total acquisition of 18.4 minutes. The FOV
was 300x300x48 mm? with a resolution of 1.2x1.2x3 mm3. For the 3D non-selective MRF-
Music, 1579 time points were acquired with 144 repetitions for a total acquisition time of 37
minutes. The FOV was 300x300x300 mm3 with an isotropic resolution of 2.3x2.3x2.3 mm3,
Images from each time point were reconstructed separately using multi-scale iterative
reconstruction described briefly below and in (21). The resultant time series of images were
used to determine the value for the parameters (73, 7, and M) as in the original MRF
method. In this study, the minimum RF duration was 2000 us for the 2D MRF-Music
sequence and 3D slab-selective sequence, and 250 us for the 3D non-selective sequence. The
minimum sampling time per TR was 8000 us.
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All in vivo experiments were performed under the IRB guidelines, including written
informed consent. A MRF sequence as described in(14) with a single-shot spiral trajectory
was used to quantify 73, 7Toand Mpat the same location as a comparison. In a phantom
study, ten cylindrical phantoms were constructed with varying concentrations of
Gadopentetate dimeglumine (Magnevist) and agarose (Sigma) to yield different 7;and 75
values ranging from 200 to 1534 ms and 30 to 133 ms, respectively. The standard 7;
method, used for comparison was the inversion recovery spin echo (SE) sequence (8 Tls
21-3500 ms with a TE of 12 ms and a TR of 10 seconds). The standard 7, method was a
repeated spin echo sequences with TEs = [13 33 63 93 113 153 203] ms, TR of 10000 ms
and total acquisition time of 52 minutes. 7; values were calculated pixel-wisely by solving
the equation S(7/) = a+ bexp(— T/ T1) using a three-parameter nonlinear least squares fitting
routine. 7, values were determined pixel-wisely by solve the equation S{( TE) = aexp

(- 7E T2) using a two-parameter nonlinear least squares fitting routine.

Dictionary Design—The dictionary used in the matching algorithm was simulated using
the extended phase graph formalism(22) and implemented in MATLAB (The MathWorks,
Natick, MA). Signal time courses with different sets of characteristic parameters (7;and 7>)
were simulated. The ranges of 7;and 7 for the in vivo study were chosen according to the
typical physiological limits of tissues in the brain: 77 values were taken to be between 100
and 5000 ms (in an increments of 10 ms below a 7; of 1000 ms, an increment of 20 ms
between 1000 ms and 2000 ms and in an increment of 300 ms above.) The 7, values
included the range between 20 and 3000 ms (with an increment of 5 ms below a T, of 100
ms, an increment of 10 ms between 100 ms and 200 ms and an increment of 200 ms above a
T, of 200 ms.). In each TR, the effects of RF excitation, 7;and 7, relaxation in varying TR
and dephasing from the spoiling gradient in the slice selection direction were simulated.
Because the total dephasing moment in each TR was constant and larger than 2, the
number of states was assumed to advance once after each TR. A total of 4539 dictionary
entries, each with 4000 time points, were generated in 18 minutes on a standard desktop
computer.

Multi-scale Iterative Methods

Since the MRF-Music acquisition is highly undersampled (1/400%" for the image resolution
of 1.2x1.2 mm?), directly pattern matching based on (23) would introduce artifacts in 77 and
To>maps. Therefore, a multi-scale iterative method (21) was used to iteratively improve the
quality of the maps. The multi-scale iterative method was initiated by reconstructing the
MRF image series at a very low spatial resolution, for example, one-quarter of the original
resolution using non-uniform Fourier transform (NUFFT)(24). Images were reconstructed
from each individual coil and then combined using the adaptive coil combination method
(25). In the pattern matching step, one dictionary entry was selected for each measured pixel
location using template matching. In this case, the vector dot-product was calculated
between the measured time course and all dictionary entries (appropriately normalized to
each having the same sum squared magnitude) using the complex data for both. The
dictionary entry with the highest dot-product was then selected as most likely to represent
the true signal evolution. The proton density (Mg) of each pixel was calculated as the scaling
factor between the measured signal and the simulated time course from the dictionary. These
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quantitative maps had low resolution but with relatively fewer artifacts from the
undersampled measurement. In the following iteration, a new set of signal evolutions were
simulated from the current maps. The method then enforced fidelity of the newly simulated
data to the acquired data at slightly higher spatial resolution by replacing the originally
sampled data in the k-space. When convergence was reached, parameter maps were obtained
through template matching of the final image series.

Preparation of the Supporting Audio Files

The six supplemental audio files were recorded using Zoom H2n Handy Recorder (Zoom).
The recorder was placed on the stationary patient table, which is about 2 meters away from
the center of the MR scanner. Additionally, a piece of foam cushioned the recorder from
direct contact to the platform to isolate the recorder from direct table vibration. In each
recording, 5 seconds of ambient noise from the room (when no scan was performed) was
recorded, followed by 30 seconds of the sound from one acquisition, which is then followed
by another 5 seconds of the ambient noise. The sound levels were adjusted to prevent
clipping of the audio waveforms and were maintained at a constant level for all recordings.

Comfort Level Survey

To evaluate the comfort level of the MRF-Music acquisition compared to a conventional
MRI acquisition, 10 volunteers who had never had any previous MRI scan (4 women and 6
men, aged between 20 and 29) were scanned by four different acquisitions. These included
two conventional acquisitions, a conventional turbo spin echo (TSE) and a conventional
diffusion-weighted EPI. Both are key components of every MRI exam of the head. In
particular the EPI scan was chosen to represent a worst-case of acoustic noise. A 2D MRF-
Music acquisition was performed as described in the methods section. A final control
acquisition was performed wherein no gradient switching occurred; the volunteer could only
hear the ambient noise from the room. All volunteers were given earplugs for MR standard
ear protection. The instructions given to the subject are included in the supporting material.
In short, the volunteers were asked to rate their comfort level immediately after a one-minute
acquisition with a self-selected scaling from 1-10 (1=most uncomfortable and 10=most
comfortable) for each of four different acquisitions, presented in random order with 3
repetitions.

Statistical Analysis—Quantitative estimation of the accuracies and efficiencies of MRF-
Music and MRF were calculated pixel-wise using a bootstrapped Monte Carlo method as in
Riffe et al (26). Two sets of data were acquired for each scan: the encoded signal acquired as
described in the ‘Acquisition’ section, and the noise signal acquired using the same
sequence but with all FA as 0. Fifty reconstructions were then calculated by randomly
permuting the noise signal and adding them to the encoded signal before reconstruction and
quantification. The means and standard deviations of 7;and 7,along 50 repetitions within a
square region of interest for each phantom were calculated. Afterwards, the efficiency of the
methods was calculated as (27):
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Efficiency=T,NR/ \/Tieq, n=1,2 [4]

where 7,NRis the T;or T,to noise ratio (defined as the 7;or 7, value divided by the
standard deviation). 7 is the total acquisition time.

The concordance correlation coefficients(28) (p.) were calculated as:

2512
pe= —
C SIS+ (Y, - Yy)

[5]

where Y;and Y,denotes the 7;or T, values from two different methods, 77is the number of
phantoms,

V=30 Vi) /n, S3=(0" (Vi =V ,)")/nj=1,2and S1o=(3" (Va—Y1)(Yi=V2)) /.

The survey data contained the scores from 10 volunteers as a pilot study, with each volunteer
rating their perceived comfort level from 12 different exams which consisted of three
repetitions of four different acquisition protocols in a randomized order using a random
number generator. First, the average score of the 3 replicates from each volunteer and each
protocol was calculated, resulting in total of 40 observations (10 volunteers x 4
observations). These data were analyzed using a two-sided randomized block analysis of
variance (ANOVA), with subjects as blocks and protocols as treatments. The normality
assumption was checked in the ANOVA both graphically and also using the Shapire-Wilk
test on the residuals. The Shapiro-Wilk p-value of 0.63 indicated that there was no evidence
of non-normality. Based on the ANOVA, pairwise comparisons of means of the four
treatments were made, using a Bonferroni multiple comparison correction to control
familywise type 1 error rate.

Comfort Level of MRF-Music

Phantom and in vivo studies were performed in both 2D and 3D MRF-Music acquisitions to
quantify 73 T,and proton density (M) maps simultaneously. The included Supplemental
Audio Files demonstrate the various sounds generated by the different acquisitions tested
here. All are recorded at the same gain level, and thus these files should be directly
comparable to the sound level in the room. Supplemental Audio Files 1 and 2 demonstrate
the sounds generated by two kinds of MRI acquisitions used in many standard exams. The
first is a turbo spin echo sequence (TSE), while the second is an echoplanar acquisition
(EPI). Both of these acquisitions demonstrate the conventional banging sound associated
with MRI. Supplemental Audio File 3 demonstrates the sound generated by a standard MRF
scan (Fig. 1d of reference(14)). Because the MRF sequence was designed to have a high
sampling efficiency by working near the hardware limits of the scanner using pseudorandom
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switching patterns, the sound of the MRF sequence was much louder than majority of the
conventional MRI scans.

Supplemental Audio File 4 represents the sound generated by the 2D version of MRF-Music
based on a recording of Yo Yo Ma playing Bach's Cello Suite 1 for a total acquisition time of
68 seconds. The underlying music sound is clearly evident, although some additional
distortions can be heard due to the required slice selection gradient switching.

Supplemental Audio File 5 represents the sound generated by the 3D, slab selective version
of MRF-Music. This 3D MRF-Music acquisition took about 18.4 minutes to quantify 77, 7,
and My values of tissues in a larger imaging volume of 16 imaging slice partitions. The
audio quality of this acquisition was further improved due to the lower switching
requirements for the larger excited slice in the 3D acquisition. Supplemental Audio file 6
represents the sound generated by the 3D, non-selective version of MRF-Music, which took
about 37 minutes to quantify an isotropic 3D volume of 300x300x300 mms3. Because there
was no slice selection gradient switching, the 3D non-selective version of MRF-Music
generated the best sound in comparison to the 2D and 3D slab selective versions. In both of
the 3D cases, a segment of the audio is repeated multiple times.

All the scores from the survey were used for the statistical analysis with no exclusion. The
result of the pairwise comparisons of the mean scores in the ANOVA showed a significant
improvement of the MRF-Music in terms of the comfort level in comparison to both EPI and
TSE sequences (Bonferroni-adjusted £<0.001), with an average scores (+ SD) of 7.2+1.2
from MRF Music and 4.5+1.4 and 4.9+1.5 from EPI and TSE, respectively. The control had
the highest average score of 9.4+0.9.

Accuracy and Efficiency of MRF-Music

The T;and 7, values of the phantom study from a 2D MRF-Music scan were compared
with those from the conventional MRF and the standard quantitative methods (Fig. 4a and
4b). The concordance correlation coefficient (CCC) for 7;and 7, between MRF-Music and
the standard MRI-based measurements were 0.9931 and 0.9897, respectively. The CCC for
T;and 7, between MRF and the standard measurements were 0.9981 and 0.9929,
respectively. The CCC indicated that both methods were in good agreement with the
conventional MRI methods. The theoretical comparison of the efficiency between MRF and
MRF-Music was calculated as the precision in 77 or 7, per square root of imaging time. As
shown in Figure 4c and 4d, MRF outperformed MRF-Music by an average factor of 1.11
and 1.32 for 77and 7 respectively For example, at a 77 of 1155 ms, MRF showed an
efficiency of 16.93 while the MRF-Music showed an efficiency of 14.50. However, even
though the MRF-Music efficiency is lower than MRF, it is still more than adequate for most
clinical questions. For example, the phantom with a 7; value of 1155 ms had a precision of
+10.90ms and +9.67 ms with a 68-second scan, respectively for MRF and MRF-Music.
Therefore, both methods achieved high precision in a short acquisition time.

For the in vivo study, an example of a reconstructed image from 2D MRF-Music scan along
with the signal evolution from one of the imaging pixels are shown in Figure 5. Due to the
factor of 400 undersampling rate and randomized acquisition patterns, images reconstructed
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from the acquired data were corrupted by aliasing errors. Because these errors were
incoherent with the expected signal, most of the errors do not affect the subsequence
processing used in the estimation of quantitative MR parameters. Figure 5¢ and 5e show the
T;and 7, maps obtained from direct template matching without using the multi-scale
iterative method, as described in (14). Some residual aliasing artifacts can be seen in both
maps. Figure 5d and f are the maps obtained using the multi-scale iterative method. After 4
iterations, the image quality from both maps are improved. The 73, Toand Mymaps were
then compared to those acquired at the same slice position from a MRF scan in Figure 6.
Both quantitative values and tissue appearance of the 7;and 7, maps are in good agreement.
A minor difference can be seen on the anterior region of the head, where a signal drop can
be seen in the sinuses, making it difficult to retrieve the 7;and 7, values in this region.
White matter (WM) and gray matter (GM) regions were then selected from the resultant
maps from the MRF-Music acquisition. The mean 7;and 7, values obtained from each
region were shown in Table 1. Figure 7 show the 7;and 7, maps obtained from a patient
with brain tumor (Figure 7a,b) and a patient with pituitary tumor (Figure 7e,f). The
corresponding 77 and 7, weighted images as shown in Figure 7c,d and Figure 7g,h were
calculated based on these maps using the T1 of 500 ms and TE of 60 ms, respectively.

For the 3D slab selective MRF-Music scan, 75, 7,and Mymaps from 16 slice partitions
were acquired from a single acquisition to cover a 300x300x48 mm? field of view with the
image resolution of 1.2x1.2x3 mm3. Figure 8 shows the 7;and 7> maps from the 7t to 10t
partitions, which demonstrate comparable image quality as the maps from the 2D MRF-
Music scan, with a few grainy appearing artifacts in the 7, maps.. The 3D non-selective
MRF-Music scan achieved the best volume coverage and through plane resolution.
Transversal, sagittal and coronal views of the 3D volumes of 300x300x300 mm3 can be
visualized with an isotropic resolution of 2.3x2.3x2.3 mm?3 (Fig. 9). The off-resonance maps
were obtained in addition to the 73 7,and My maps in this version, because the slice
selection gradient was fully balanced, as in the original MRF acquisitions. Some residual
aliasing artifacts, which appear as stripe-like artifacts, can be seen in sagittal and coronal
views.

Discussion

MRF-Music is an application of the MRF concept for the purpose of increasing patients'
comfort in a fully quantitative MR exam. In this study, it was demonstrated that MRF-Music
can combine data acquisition with the sound of a musical performance to quantify multiple
key parameters of the tissues, such as 77, 7oand M), in a clinically acceptable time.

In the phantom study, as shown by the high value of the concordance correlation
coefficients, both 7;and 7, values from the MRF-Music were in agreement with those from
the standard measurement. 7, values below 35 ms were overestimated from the MRF-Music
scan, which might be due to the relatively long TR (average of 17 ms) of the sequence.
MRF-Music also provided in vivo maps with image resolution of 1.2x1.2 mm2, which is
equivalent to our conventional clinical scans. The difference in the proton density maps
between MRF-Music and MRF in Figure 6 was probably due to different receiver sensitivity
profile. As compared to the previously reported literature values(29,30) in Table 1, the 7,
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values from the MRF-Music scan were relatively lower. In this study, initial implementation
and results from a 3D non-selective MRF-Music were presented. Because of the high
undersampling ratio and the additional parameter that needs to be quantified, the current
version of the 3D non-selective MRF-Music scan provided maps with residual aliasing
artifacts. As shown in Figure 9, the aliasing artifacts, which appear as striping artifacts, are
mainly seen in the sagittal and coronal views. This is likely due to insufficient sampling
density along z-x and z-y directions. These artifacts could be potentially resolved by
iteratively designing the acquisition trajectory based on the music waveforms and/or
acquiring more repetitions

Within this framework, there is no restriction on the choice of the music waveform. Different
music selections may alter the scan efficiency, but after pre-processing, such as audio
compression, and proper post-processing, such as gradient and RF pulse design, any music
can be used in the MRF-Music scan. Therefore, except for designing some of the MRF-
specific acquisition parameters, such as the flip angle series and the specific slice profile
waveforms, any music or any sound effect could be flexibly incorporated into the sequence
design. In addition, the conversion time to generate all gradients from the music is only 2
minutes, which is fast enough to generate the music scan based upon the patients' choice
before their scan.

The VERSE pulse is sensitive to the off-center shift. In the current implementation, the RF
pulses for the 2D MRF-Music acquisition were designed with relatively short duration
(approximately 2000us) and with low flip angles (with the maximum of 60 degrees and
average of 25.5 degrees). Because the slice profile of the VERSE pulse was designed based
on a sinc pulse with a duration of 2000 us and a time bandwidth product of 8, there is also
no slice profile issue relating with the RF pulse. Further optimization of the slice selection
gradients and VERSE pulse will be investigated to improve the image quality in the presence
of the off-resonance along the slice selection direction. These issues were reduced in the 3D
slab case, since one has more freedom in positioning the slice at isocenter while maintaining
full coverage of the anatomy of interest. Although the unbalanced gradient moment
introduced from the nbSSFP-based sequence alleviates the banding artifacts from the
bSSFP-based sequence, it also makes the sequence potentially sensitive to flow and motion
along the unbalanced gradient direction (31). However, the incoherent sampling from music
trajectories as well as the pattern recognition basis of MRF have been shown to provide
good motion tolerance. The signal changes introduced from flow are uncorrelated with the
signal evolution from other tissue types, and are largely ignored from the pattern recognition
process of the MRF(14,32).

Because the focus of this study was on the production of high quality sound from the
scanner, the sampling efficiency of the MRF-Music sequence was not as high as the original
MRF, and was clearly not optimized to a final form. Optimization methods can be used in
the future to improve the audio performance and sampling efficiency with the hope that the
efficiency of the MRF-Music sequence is mostly independent of the choice of the music.
However, since MRF-Music shares many of the same features of MRF, namely that the
signal never settles into a steady state, the continuous oscillatory signal allows one to acquire
more informative data by acquiring over a longer time. Thus one could adjust the time of the
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acquisition to compensate for any change in efficiency. Even still, the current 2D MRF-
Music quantifies parameters at clinically acceptable accuracy and precision using only less
than one fourth of a complete classical piece of music. The acquisition speed can be further
accelerated by applying parallel imaging techniques(33-35)and compressed sensing(36—39)
in the spatial domain, neither of which were included here. Although there are still artifacts
on the maps from the 3D non-selective MRF-Music sequence, this sequence type is
promising because it not only achieves better spatial coverage and higher through plane
resolution, but also provides the best sound quality compared to the sequences that requires
slice selective gradient design. In addition, 3D trajectories allow one to achieve higher
acceleration rate. Currently, the 3D non-selective MRF-Music acquisition requires 37
minutes to obtain 3D maps from four parameters. Further optimization of the music
gradients and trajectory segmentation will potentially accelerate the acquisition and improve
the image quality.

Thus we believe that MRF-Music represents a broadly applicable, flexible framework to
improve patient care in MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram of the music conversion for a 2D MRF-Music sequence
The music waveform was first preprocessed. (a) zero crossings of the preprocessed

waveform were located (black crossings). Depending on the requirement of the minimum
RF duration and acquisition time, the zero crossings were grouped such that each TR had
four music segments (red crossings). The first segment (1) was used to design slice selection
gradient. The second segment (2) was used to design slice selection dephasing gradient. The
third segment (3) was used to design readout gradient, and the fourth segment (4) was used
to design spoiling gradient. Music segments with total areas of zero were played in Gx in
segment (2) and (4). (b) k-space trajectories derived from the 2D gradients from (a). K, (1/
milliseconds), K), (1/milliseconds)
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Figure 2. Diagram of the music conversion for a 3D non-selective M RF-Music sequence
The zero crossings of the music waveform were grouped such that each TR had two music

segments (red crossings). No gradients were applied during the short RF pulse interval (1).
The second segment (2) was used to design a bSSFP readout with the gradient integral of
zero from all three encoding directions. (b) 3D radial k-space trajectories derived from the
3D gradients from (a). Ky (1/milliseconds), K}, (1/milliseconds) and K (1/milliseconds).
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The first 2000 points of flip angle (FA) and repetition time (TR) pattern that were used in

this study. 8.67 cm x 9.5 cm, 600 DPI
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Figure 4. Accuracy and efficiency of the 2D MRF-Music scan
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(a), (b), The T4 and T, values obtained from the 2D MRF-Music scan from 10 phantoms
were compared with the values acquired from the MRF and the standard measurements. (c),
(d), The efficiency of T; and T, obtained from MRF-Music were compared to those from
MREF. (a) and (b) show mean+/- s.d. of the results over a 25-pixel region in the center of

each phantom. 8.67 cm x 6.13 cm, 600DPI
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Figure5. In vivo results of the 2D MRF-Music scan
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(a). An image at the 11 repetition time out of 4000 was reconstructed from only one music
trajectory demonstrating the significant errors from undersampling. (b). one example of the

acquired signal evolution from the first 1000 time points. (c) and (d): T1 map generated

without and with the multi-scale iterative method. (€) and (f): T2 map generated without and

with the multi-scale iterative method. 13.02 cm x 7.1 cm, 600 DPI
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Figure 6. Comparison of the maps obtained from MRF-Music and M RF scans
(a)-(c), T4(a), T»(b) and proton density (c) maps obtained from the MRF-Music sequence.

(d)-(f), 74(d), TAe) and proton density (f) maps obtained from the original MRF sequence.
77 (color scale, milliseconds), 7 (color scale, milliseconds) and M, (normalized color
scale). 13.02 cm x 7.3cm, 600 DPI
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Figure 7. In vivo results of the patient scans
(aand b) T1 and T2 maps were generated from a 2D MRF-Music scan of a brain tumor

patient. (e and f) T1 and T2 maps were from a patient with pituitary tumor. (c and g) the
corresponding T1-weighted images were calculated from the T1 map with Tl of 500 ms. (d
and h) T2-weighted image were calculated from the T2 map with a TE of 60 ms. 17.56 cm x
8.1cm, 600 DPI
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Figure 8. In vivo results of the 3D slab selective MRF-Music scan
7, maps (a), 7»>maps (b) from the 71 to 10™ out of 16 partitions were obtained from a

single MRF-Music scan. 77 (color scale, milliseconds) and 7 (color scale, milliseconds).
17.56 cm x 8.12 cm, 600DPI
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Figure 9. In vivo results of the 3D non-selective M RF-Music scan

7, maps (a-c), Tomaps (d-f), off-resonance maps (g-i) and Mymaps (j-1) were shown in the
axial, sagittal and coronal views, respectively. 77 (color scale, milliseconds), 7, (color scale,
milliseconds), off-resonance (color scale, Hertz) and My (normalized color scale). 17.56 cm
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Invivo T;and 7relaxation times obtained from 2D MRF-Music at 3T, and the corresponding values reported

in the literatures. The values were from the meanzs.d. of the results over 20-pixel ROls.

T1(ms) T2 (ms)
White Matter (this work) 847 +£49.21 48 +6.32
White Matter (previously reported) | 788~898 63~80
Gray Matter (this work) 1223 +£65.11 | 64.31+5.23
Gray Matter (previously reported) 1286~1393 78~117
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