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Abstract

Purpose—To evaluate the effectiveness of the proposed active noise control (ANC) system for
the reduction of the acoustic noise emission generated by a4 T MRI scanner during operation and
to assess the feasibility of developing an ANC device that can be deployed /n situ.

Materials and Methods—Three typical scanning sequences, namely EPI (echo planar
imaging), GEMS (gradient echo multi-slice) and MDEFT (Modified Driven Equilibrium Fourier
Transform), were used for evaluating the performance of the ANC system, which was composed
of amagnetic compatible headset and a multiple reference feedforward filtered-x |east mean
square controller.

Results—The greatest reduction, about 55 dB, was achieved at the harmonic at a frequency of
1.3 kHz in the GEMS case. Approximately 21 dB and 30 dBA overall reduction was achieved for
GEMS noise across the entire audible frequency range. For the MDEFT sequence, the control
system achieved 14 dB and 14 dBA overall reduction in the audible frequency range, while 13 dB
and 14 dBA reduction was obtained for the EPI case.

Conclusion—Theresult is highly encouraging because it shows great potential for treating MRI
noise with an ANC application during real time scanning.
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INTRODUCTION

Although MRI has evolved into an important imaging tool in medical diagnosis and
research, the noise emitted by the scanner during operation remains a concern because it
interferes with communication and could be hazardous to hearing. It iswell known that the
MRI acoustic noise generated during imaging is very loud. In 1989, Hurwitz et. al. (1)
measured the sound pressure level (SPL) at the magnet isocenter and reported levels
between 82 and 93 dBA for static magnetic field strengths of 0.35to0 1.5 T. In a study by
Ravicz et. al. (2), the measured SPL s of two scanners (1.5 and 3 T) operated with EPI
seguences were found to vary from 123 to 138 dB. In our study (3), SPLs as high as 130 dB
were recorded from a4 T MRI machine running an EPI sequence. It is generally agreed that
SPLs are greater at higher magnetic fields. Safety issues related to the use of MRI such as
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the physiological effects of loud noise, radio frequency (RF) exposure, and the magnetic
field environment, have been documented (4). Numerous previous studies have shown that
exposure to high levels of MRI sound could cause psychological problemsincluding
temporary hearing threshold shifts, anxiety, stress, annoyance, mental fatigue and fear (5-8).
Hence, it is strongly suggested and commonly required that al patients and healthcare
workersin or near the scanner chamber wear ear protection (9-11).

It iswell known that the acoustic noise emitted during MRI scanning is aresult of the
rapidly switching electric currents that drive the pulse gradient magnetic fields. The Lorentz
forces caused by the electrical current applied to the gradient coilsin the main static field
excite the structural components of the MRI scanner. The structural excitation effectively
turns the MRI system into aloudspeaker (12-13). The magnitude of structural vibration that
causes the acoustic radiation is dependent on magnetic field strength, gradient strength,
scanner structure and geometry, spatial settings, and the frequency and waveform of the
switching current (13-14).

Severa remedies have been proposed to treat MRI sound emissions (14). Designing “silent”
MRI pulse sequences is one option to reduce the MRI generated noise (15). However, this
approach may limit the imaging applications for some cases. A traditional way to deal with
the high levels of MRI noiseisto use a passive control approach. The high level noiseis
reduced by using absorbing materials or modifying the system dynamics to dissipate or
redistribute acoustic emissions. A common mode of implementation is having the patient
wear ear plugs and/or a headset. This approach usually works well for high frequency noise
stimuli but is less effective at lower frequencies. To increase the efficiency of earmuff/
headset noise reduction in the low frequency range, the device would need to be bulky,
which isnot practical for the MRI application due to the limited space inside the RF head
coil. In addition, the patient’s comfort will be impacted by wearing a large earmuff/headset.
Alternatively, active noise control (ANC), which introduces an out-of-phase secondary
acoustic wave form to cancel the sound source response, is a more effective approach for
controlling low frequency noise and might allow for areduction in the weight of headsets.
Thisisdesirable for patient’s comfort, particularly during long scans.

In recent years, using active control for MRI noise reduction has received attention from
many researchers (16-27). To apply the ANC technique to MRI noise suppression, two
issues need to be addressed. First, one needs to identify an appropriate actuation approach.
Because of the unique magnetic environment, an MRI compatible speaker is required to
deliver the control acoustic wave to the desired space. Second, an optimal controller must be
developed for effectively reducing the sound pressure level (SPL). The earliest application
of ANC on MRI noise was conducted by Goldman et al. (16). They implemented an MRI
ANC system by injecting a synthesized anti-phase signal, which is generated by inverting
the phase of the dominant frequency components of arecorded MRI signal. However, this
method lacks flexibility in tracking changes of system properties and MRI response signals.
Furthermore, in their system, a pneumatic tube is used to deliver the anti-phase sound, which
introduces an additional time delay to the system and consequently degrades performance.
Mechefske and Geris (20) investigated two ANC systems; a headset-based system and a
pneumatic tube-based system. The former was equipped with non-magnetic components
(speakers, microphones, and preamps) inside an ear defender, while the latter used a tube to
transmit noise cancellation signals to the headset. Their results revealed that the tube-based
system was less effective than the headset-based system due to the time delay created by the
length of tube used.

In 1995, Plaet a. (17) used apair of piezoelectric speakers placed close to the subject’s ears
and an adaptive controller with a multi-channel filtered-x least mean squares (FXLMYS)
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algorithm as the ANC system. Up to 25 dB of noise reduction at frequencies up to 1.2 kHz
was reported for their application. However, the MRI noises treated were primarily the first
few harmonics. Furthermore, due to limited performance with this arrangement, patients will
till be required to wear an earmuff.

Later, McJury et al. (18) and Chen et al. (19) tested their own system (McJury used a
feedforward controller including afiltered-U LMS (FULMS) algorithm and Chen proposed
afeedback controller system with a cascading neural-network architecture) in the laboratory
(i.e. anon /n situ study) using pre-recorded MRI scanner noise played through a
loudspeaker. However, their system performances were all limited.

More recently, Kahana et a. (21) implemented a feedforward ANC system in an MRI
communication system by utilizing an optoacoustic based (i.e. a piezoelectric speaker driven
by optical signals) ear defender. Their results showed 35-50 dB attenuation at the
fundamental frequency component. This value was in addition to 15 dB of passive
attenuation realized by the slim ear defender headset. Furthermore, Chambers and his
colleagues implemented an ANC system on an el ectrostatic headphone for MRI noise and
evaluated the system performance using acoustic, psychophysical and neuroimaging
measurements (22—24). In the most intense component of the scanner noises, an objective
reduction of 3040 dB was obtained for the frequency between 0.5 kHz and 3.5 kHz.

In 2008, we used hybrid control which combined a simple feedforward controller and an H-
infinity feedback controller to treat the MRI acoustic response, generated by an Echo Planar
Imaging (EPI) sequence, which is dominated by a principal harmonic and its sideband (25).
Later, afeedforward system with multiple reference signals was proposed for various
common scanhing sequences including gradient echo multi-slice (GEMS) (26) and EPI (27).
Significant reduction was obtained during both physical simulation and /n situtests (26-27).
However, the reduction observed during in situ tests was limited to frequencies up to 2 kHz
which is the effective bandwidth of the speaker system. The physical simulation tests have
performed well to dlightly higher frequencies, albeit in a more controlled environment.

In this study, the ANC system was enhanced with the goal of achieving improved
performance at higher frequencies by tuning the reference signal over different frequency
ranges. Furthermore, multiple reference signals including both gradient excitation and
microphone signals are used in the proposed system. It was tested during live imaging scans
on a4 T scanner. Three different scanning sequences were tested: EPlI, GEMS and MDEFT.
The results showed that the effective frequency range of the ANC system has been increased
to 5 kHz which covers most dominant frequency components of typical MRI scanner noise.

MATERIALS AND METHODS

Experimental Setup

A 4T Varian Unity INOVA whole-body MRI scanner (Palo Alto, CA) was used to obtain
all test results presented here. The acoustic noise measurements were made in the vicinity of
the scanner bore isocenter where the patient’s head is normally located during scanning. A
humanoid dummy (Model TP-1500; Dummies Unlimited, Pomona, CA) was used in place
of alive subject during scanning, while the noise measurements were acquired to replicate
the patient environment. During the test, RF pulses were kept to minimums to avoid
damaging the system.

The secondary acoustic wave form generator was a magnetic compatible headset with PZT
(piezoelectric transducer) speakers (Resonance Technology, CA). In addition, four magnetic
compatible microphones were installed. Two were located inside the headset near the
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wearer’s ear and measures residual acoustic response, which served as the error signal for
the adaptive controller. Another two were located outside the headset and used as a
reference sensor for the control system.

All other electronic equipment was located in the adjacent control room to avoid
interference with the magnetic field. The ANC system devel oped specifically for MRI use
was comprised of a dSPACE system (dSPACE GmbH, Technologiepark 25, 33100
Paderborn, Germany) running a feedforward control system developed in Matlab Simulink
(The MathWorks, Inc., Natick, MA, USA). The Simulink control system was compiled on a
laptop and loaded on the dSPACE processor. This processor has a high speed connection to
the dSPA CE input/output component, which also converts the analog signals to digital and
vice versa. This hardware configuration allows for fast cal culation and communication of
the control signal to the headset. Since the ANC system was implemented with a digital
sampling rate of 10 kHz to allow for adequate processing time, a high-speed digital recorder
(Teac LX-10) was used to simultaneously record the data at 48 kHz in order to obtain the
entire audible frequency range of the acoustic signals for subsequent processing. The
digitized signals were then stored on the PC computer (Intel Pentium M, 1.86 GHz, 1 GB
RAM) that controlled the data acquisition.

In the live scan study, three typical scanning sequences were considered for testing the
performance of the developed ANC system. These three MRI scanning sequences were echo
planar imaging (EPI), gradient echo multi-slice (GEMS) and Modified Driven Equilibrium
Fourier Transform (MDEFT). The specific parameters used for these three scanning
sequences are listed in Table 1.

Controller Design

The controller plays an important role in the ANC system. The implemented controller was
amultiple reference feedforward filtered-x least mean square (FXLMS) control system. In
order to preserve stability of the feedforward system, the effective frequency range was
limited by the spectral characteristics of the reference signals. In our previous study,
multiple reference signals were also utilized; however, the effective frequency range of the
control system was limited to 2 kHz. In this experiment, arefinement was made to the
previous version of the control system to extend the overall effectiveness to higher
frequencies. Multiple copies of the algorithm were implemented in parallel and each one
was tuned to maximize reduction of a different portion of the frequency spectrum by adding
high pass frequency filters to the reference signals. Figure 1 shows the diagram of the ANC
system used in this study. It utilized four different reference signals; the Z gradient (dlice-
selection direction in this case), the unfiltered microphone, and two different high pass
filtered microphone signals. The choice of slice-selection gradient is because it yields more
reduction of broadband noise components in addition to the principal harmonicsin EPI
when compared to other gradients according to our previous study (27). The two high pass
filtered microphone reference signals were used to enhance the reduction for specific
frequency ranges. The cut off frequencies of these two high passfilters were 2 kHz and 4
kHz, which correspond to the low response ranges of the secondary path as shown in Figure
5. The resulting individual algorithm control signals were combined to create the total
control signal fed to the headset speakers which generated the cancellation sound. The error
signals, measured by the microphones located inside the earpiece near the “patient’s’ ears, is
the net response of the original MRI noise and the cancelling sound signal. This error signal
is to be minimized by the control algorithm.

As mentioned previously, the FXLMS algorithm was used in the control system. The
diagram of the typical ANC system using a standard FXLMS agorithm (28) is shown in
Figure 2. The algorithm can be expressed by the following equations:
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where d(r) represents the original MRI response, )'(r) is the cancellation sound from the
control speaker, g1) isthe error signals measured by the inside microphones, x(1) isthe
reference signal (which varies for each of the algorithms in the multi-reference parallel
control system), and x (7)) isthefiltered reference signal (/.e the reference signal, x(1) ,
filtered by the secondary path model). The weighted values of the adaptive filter W/ (2) can

be expressed by vector W(n)=| wo(n) wi(n) -+ w,_ (1) ]T. Vector

T
X(”)z[ xn) xm=1) - xtn-L+D) ] isformed by the current reference signal data
and its previous data. Additionally, vector X '(r) isformed by the current filtered reference
signal data and its previous data as shown here,

’ ’ ’ , T
X(”)z[ x( x@=1) - x(n-L+l) ] . 8(n) isthe estimated impul se response of the
secondary path §2) , which isfrom the input signal for the speaker to the output signal of

- - . - T
the error sensor. The vector S(n)=[ so(n) “si(n) - s (n) ] is formed by the sampled
data of the impulse response of the secondary path. The parameter . isthe step size, which
affects the convergence speed and stability of the algorithm.

In Situ Testing

Three typical MRI scanning sequences were tested. The baseline response (i.e. when ANC is
off) for each of the three scanning sequences was recorded first. Then, the control system
was tuned for the different scanning sequences by adjusting the step size of the FXLMS
algorithm. Once the ANC system converged and the residual noise was constant, no further
reduction was observed. Measurements at this time were made for the controlled response.

Data Processing

The recorded data was post processed and analyzed using an advanced sound data analysis
software package (B& K Sound Quality) and Matlab in order to quantify and assess the
performance of the proposed ANC system. Using these signal analysis software packages,
the measured data was analyzed in the time and frequency domains using a variety of
computational toolsincluding SPL calculation in linear-weighted decibel (dB) and A-
weighted decibel (dBA), Fourier transforms and other time-frequency processors.

RESULTS AND DISCUSSION

Time-Frequency Analysis of MRI Noise Responses

In this study, three different scanning sequences were used: GEMS, 3D MDEFT and multi-
dlice EPI. These three scanning sequences are commonly used in imaging and have very
different signatures in both the time and frequency domains. The time histories and spectra
of the noise for the three imaging protocols are shown in Figure 3(a) and (b), respectively.
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The upper plotsin Figures 3(a) and (b) are the recorded noises for the GEM S scanning
seguence. Clearly, the MRI noise of the GEM S sequence is dominated by a cluster of
harmonicsin the frequency domain. In the time domain the generated noise is continuous
and steady state. The middle plots are for the noise generated by the MDEFT scanning
seguence. Similar to the GEMS frequency domain result, the spectrum of the MDEFT
seguence is aso dominated by many harmonics. Obviously, the energy distribution in the
frequency domain for the MDEFT scan is different from that for the GEMS. In general, the
response of higher frequency components is less than lower frequency components.
Furthermore, in the time domain, the MDEFT response shows variation. One notes that
there is a silent period between two segments of sound. The bottom plots are for the
generated MRI noise of the EPI sequence. As seen from the results, EPI noise not only has
harmonic components but also a strong broadband component. In the time domain, similar
to the MDEFT result, the EPI noise exhibits varying transient behavior. A short period of
silence occurs between two sound segments.

M easuring the performance of the developed ANC system on these three examplesis a good
evaluation of overall system performance since these three examples are commonly used for
MRI scanning and cover varying acoustic signatures such as tonal and broadband noise, as
well as steady state and transient sound.

Control Result of GEMS Sequence

Thefirst test case isto control the MRI noise generated by the GEM S scanning segquence.
Theresults are shown in Figure 4. The dotted line is the baseline response of the sound
measured by the microphones inside the earpiece of headset. It illustrates that the spectrum
of MRI noise during the GEMS scan is dominated by clusters of harmonics. The solid linein
Figure 4 is the resulting noise measurement inside the earpiece with the ANC system
operational. Compared to our previous study, the refined system extended the effective
frequency range of the control system to 5 kHz, approximately 3,000 Hz higher than that of
the previous system. The highest frequency harmonic exhibiting substantial reductionis
above 4.5 kHz. The maximum reduction, about 55 dB, occurs at afrequency of 1.3 kHz.

There are two frequency ranges where the reduction is not significant in comparison to other
harmonics. The maximum reduction for these harmonicsis lessthan 20 dB. Thefirst
frequency range is between 2.3 kHz and 2.6 kHz. The other frequency range is above 3.9
kHz. A possible reason for less reduction occurring in these two frequency rangesis that the
original response level of the harmonics within these two frequency rangesis lower than
other harmonics (see more below). A second possibility may be related to the dynamics of
the speaker-microphone pair, which is generally referred to as the secondary path. In fact, as
shown in Figure 5, these two frequency ranges do correspond to the weak magnitude
response measured for the speaker-microphone pair. For the harmonics in other frequency
ranges 30 dB reduction and above are achieved.

Control result of MDEFT sequence

Unlike the GEM S sequence which generated noise continuously throughout the
measurement period, the MDEFT sequence exhibits transient characteristics. There is a brief
period of loud sound followed by alonger time without scanning noise. Since the length of
the quiet portion exceeds the loud one, the calculated results presented are taken from atime
block of datathat consists of only the loud scanning period without the inclusion of the
quieter interlude. The frequency domain results for this time block for the MDEFT sequence
are shown in Figure 6. The dotted line is the baseline response of MRI noise and the solid
lineisthe controlled response. Similar to the GEM S results, more reduction is obtained for
the harmonics below 2 kHz. For the two freguency ranges in the GEM Stest that showed less
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reduction with control, no substantial reduction is achieved for the MDEFT test either. Aside
from these two frequency ranges, less than 10 dB reduction is obtained for the harmonics
between 3.2 kHz and 3.8 kHz. This might be due to the fact that these harmonics are much
weaker in comparison to the GEMS case. The most reduction (approximately 45 dB) is
observed to be at 2.7 kHz for the MDEFT test as opposed to 1.3 kHz for the GEM S test.
Thisis because the harmonic at 1.3 kHz is not the dominant component for MDEFT. In
general, less reduction is obtained for most harmonicsin the MDEFT sequence when
compared with the GEM S sequence. The reason may be that the MDEFT response level is
lower than GEMSS case.

Since the sound generated during the MDEFT scan is not continuous, it is also of interest to
observe the transient results, shown in Figure 7. The upper plot, Figure 7(a), is the baseline
response. The bottom plot, Figure 7(b), is the controlled response. Obviously the response
level of the controlled measurement is much less than baseline measurement. Within the
silent period, the controlled response is of the same level as the baseline response, which is
background noise. At the beginning and end of the sound period, a brief increase can be
identified in the controlled response, though it is still much lower than the baseline response.
This burst may be related to the controller’ s characteristics changing during the relatively
long silent period. Once the loud scanning noise commences, it takes a short duration for the
controller to converge to the optimal solution again. In light of the fact that the MRI noiseis
repetitive, the optimal solution of the controller is assumed to be similar for different loud
sound periods. It may be possible to set a smaller step size during the silent period to prevent
the controller from shifting away from the optimal solution. This could reduce the time to
re-converge to the solution when the subsequent loud period starts and consequently
improve overall performance. Further study is under way to refine the system performance
with this type of transient signal.

Control results of EPI sequence

The EPI sequence may be the most difficult case since it contains a strong broadband
component in addition to strong harmonics. The existence of phase delay in the secondary
path (control speaker to inside microphone error sensor) renders the broadband component
more difficult to address. Since the noise generated by the EPI scan is not continuous, aloud
time block is used for the frequency domain calculations, the same as for the MDEFT case.
Similar to the previous plots, as shown in Figure 8, the dotted line represents the baseline
response of EPI noise and the solid line represents the controlled response. The dominant
harmonics, at about 900 Hz and 2.8 kHz, are reduced substantially. Approximately 30 dB
reduction is obtained at the harmonic near 900 Hz, while more than 40 dB reduction can be
seen at the harmonic around 2.8 kHz. In addition, more than 10 dB of reduction is achieved
for frequencies adjacent to the 900 Hz harmonic. In our previous study (3), these frequency
components were found to arise from the broadband response of EPI noise and generated by
the Z-gradient excitation (dlice-selection gradient).

As discussed previoudly, the EPI sequence exhibits a transient behavior that comprises of
short silent zone followed by loud bursts repeatedly. The time history of the response before
and after control for the EPI scan is shown in Figure 9. Similar to the MDEFT results,
Figure 9(a) and (b) are the baseline response and the controlled response, respectively.
However, the EPI sequence has a much shorter silent period in comparison to the MDEFT.
Thereisaso no increase in the controlled response at the beginning and end of the sound
period as was observed during the MDEFT scan. This may be aresult of the silent period
being short enough to prevent a change in the characteristics of the controller dramatically.
The controller is still nearly optimal when the next loud period begins.
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Summary of Three Cases

In this study, we developed an active headset system and tested the performance /n situ.
Experimental work was conducted on three common MRI scanning sequences, namely
GEMS, MDEFT and EPI. Substantial reduction in noise levels at the patient’ s ear was
obtained in each of the tests. The greatest reduction, about 55 dB, was achieved at the
harmonic at afrequency of 1.3 kHz in the GEMS case. Approximately 21 dB and 30 dBA
overall reduction was achieved for GEM S noise across the entire audible frequency range.
For the MDEFT sequence, the control system achieved 14 dB and 14 dBA overall reduction
over the audible frequency range, while 13 dB and 14 dBA reduction was obtained for the
EPI case. These linear-weighted and A-weighted SPLs are calculated using the B& K Sound
Quality software package. Only the time blocks representing the loud sound periods for the
MDEFT and EPI cases were used in the calculation of frequency domain response and
SPLs. Also, note that these results represent the reduction due to the active control only.
Since the measurements were obtained inside the earpiece, the contribution of passive
reduction of the headset has already taken place for all tests, with and without the controller
active. The total noise reduction a patient would observe compared to the ambient level
during scanning would be a combination of the headset passive reduction and the active
control reduction. By comparing the outside and inside microphone responses, the passive
reduction attributed to the headset can be evaluated. For GEM S noise, about 16 dB and 20
dBA reduction can be obtained by passive means. The MDEFT scan produced 15 dB and 19
dBA reduction. In the final scanning sequence, EPI, 18 dB and 18 dBA reduction were
measured. Note that all passive reductions reported in this study appear to be less than prior
work. Thisis because the acoustic noise reduction for each scanning sequence tested was
assessed over the entire audible frequency range. In fact, the passive reduction of our
headset is about 30 dB for frequencies higher than 1 kHz, which is very similar to the test
results shown by Ravicz, et a (11). The detailed measured attenuation for these three
scanning sequences by active and passive means are summarized in the Table 2. Since the
proposed ANC system uses adaptive algorithm, the system is designed to adapt as the MRI
noise varies due to the change of scanning parameters such as the number of the slices or the
TR.

In conclusion, the proposed ANC system works well on noise generated during a variety of
common MRI scanning sequences. /n situtesting was conducted during live scansona4 T
MRI for three scanning sequences, namely GEMS, MDEFT and EPI. Very promising results
were obtained. These results demonstrated potential for the development of a commercial
product that could provide a substantial level of noise reduction for the patient. Up to this
point, the results reported herehave been objective measurements. Future work should
consider subjective feedback from human subjects. It may be possible that the perceived
performance of the control system is less effective than objective evaluation due to other
paths (e.g. bone conduction). However, the impact is expected to be small due to the high
impedance mismatch between the surrounding air and the skull structure (29, 30). The ANC
system is headset based, therefore, it isrelatively easy to implement onto any existing MRI
system..
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Time histories and spectra of baseline responses of the MRI noise for three tested scanning
sequences (GEMS, MDEFT, and EPI, from top to bottom).
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Measured dynamic response of speaker-microphone pair.
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Figure9.
/n situ control results of EPI scanning sequencein time domain (a: baseline response; b:
controlled response).
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Table 1

MRI scanning sequences parameters employed in the experiments.

Sequence Timelnterval (TR) (ms) EchoTime(TE)(ms) Bandwidth (BW) (kHz)

GEMS 10 5 100000
MDEFT 15 6 100000
EPI 2000 30 125000
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