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Abstract

Acoustic noise produced during single point imaging (SPI) experiments was modulated by changes in the spatial encoding gra-

dients. Parameters of both linear and sine-shaped gradient ramps were modified to minimize the acoustic noise levels. Acoustic noise

measurements during SPI were measured on three different gradient systems and revealed that for small gradient-bore systems a

considerable acoustic noise reduction of more than 20dB can easily be achieved. SPI in conjunction with an optimized gradient

waveform can be a superb alternative to the previously introduced single point ramped imaging with T1 enhancement (SPRITE)

method when sound levels and overheating of gradients are a concern.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The single point imaging (SPI) method, originally in-
troduced by Emid and Creyghton [1], has already prov-

en its potential for the imaging of solids, semi-solids,

and other broad-line samples with very short transverse

relaxation times. Several applications of SPI have been

reported for imaging of solid materials [2] and biological

samples [3].

SPI uses phase encoding for all spatial dimensions

and during each repetition of the experiment only one
point in k-space is sampled. Accordingly, the gradient

program is very simple. Once gradients have reached

their final, stable amplitude, a radiofrequency (RF)

pulse is applied and a single data point is acquired after

which the gradients are turned off (see Fig. 1). There is
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no need for time consuming gradient switching, as is of-

ten the case in other standard NMR imaging methods.

This means that SPI allows for rapid NMR signal acqui-
sition (one point for each phase encoding step); typically

acquisition occurs 50–400ls after excitation of the spin

system. For samples with very short T2 relaxation times

this is very important in order to obtain signal before

spin–spin relaxation has destroyed the FID. As SPI is

a pure phase encoding technique, B0 inhomogeneity

and chemical shift artifacts do not affect the final imag-

es. On the other hand, the phase encoding of all spatial
directions makes SPI time inefficient compared to con-

ventional imaging techniques, which use a combination

of phase and frequency encoding of k-space. However,

this is usually partially compensated for by a short T1 re-

laxation time of the samples. A short T1 allows for a

short repetition time (TR) in the SPI sequence, typically

on the order of 1–10ms. Recently, to make data acqui-

sition more efficient and faster, the original SPI sequence
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Fig. 1. SPI pulse sequence diagram (only one phase encoding

dimension is show). The transverse magnetization is excited by a

broadband a pulse and phase encoded for time Tp. The gradient shape

can be characterized by an amplitude A, gradient ramp time R, and a

plateau length P. The repetition time is given by TR. These parameters,

together with the acoustic FRF of the gradient set, determine the

mechanical vibration and the accompanying acoustic sound level.
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has been modified into so-called multipoint mapping

techniques [4,5].

In general, all MRI techniques are inevitably accom-

panied by acoustic noise generated by the gradient coils.

The source of this noise is the rapid switching of cur-

rents in the gradient coils, which induce strong Lorentz�s
forces causing mechanical vibration in the gradient set.

As the SPI pulse sequence uses a very short repetition
time and relatively high gradient amplitudes, it usually

leads to excessive and sometimes even dangerous me-

chanical vibration of the gradient set, thus limiting the

data acquisition speed. One possible approach to avoid

the mechanical vibration is the use of gradual gradient

switching, which minimizes big gradient jumps between

consecutive phase encoding steps. This technique is

called SPRITE and is described in [6,7]. SPRITE allows
the use of very short repetition times and produces

acoustic noise levels comparable to the usual back-

ground noise of the MRI room. However, the price to

be paid for this ‘‘silent’’ SPI version can be high. For ex-

periments requiring a long acquisition, the mean power

deposited into the gradient coils is high, causing gradient

overheating. Although, with a modern, water or air-

cooled, gradient set this problem can be minimized
and SPRITE experiments can be performed [2]. In some

MRI systems, however, SPRITE can lead to the over-

heating of the gradient coils additional delays for cool-

ing have to be included into the experiment to prevent

damage to the gradients [8]. One possible way to de-

crease the heat deposited by SPRITE into the gradient

set is to avoid the collection of data in the extremities

of k-space, where the encoding gradients reach their
maximum. These so-called centric scan SPRITE modifi-

cation has additional benefits, such as an increase in ac-

quisition speed and an increase of signal to noise ratio

(S/N) and T1 contrast [9].
Recently, several methods to reduce the acoustic

noise levels of MRI protocols have been published,

e.g., noise cancellation by generating an antiphase

acoustic wave [10], optimized gradient shapes [11,13],

optimized gradient coil design with active acoustic con-

trol [14], and a combinantion of the previous techniques
with tailored gradients [15].

In this paper, we investigate the effectiveness of sound

attenuation by gradient-shape adjustment as an alterna-

tive to the SPRITE method. The idea of using ‘‘soft’’ si-

nusoidal shaped gradient pulses with a narrow and low

frequency bandwidth has been successfully applied to

the fast spin echo (RARE) and fast gradient echo

(FLASH) sequences [13]. However, it has been reported
that the efficiency of this method decreases with a de-

crease in TR. We show that based on the frequency

response analysis of an imaging gradient system and

the frequency characteristics of the gradient program

for SPI, there is still room to optimize the gradient shape

parameters to substantially reduce mechanical vibration

and at the same time prevent overheating of the gradient

set, despite the short repetition time which is typically
used for SPI.
2. Methods

2.1. Experimental setup

To investigate the effectiveness of the sound pressure
level (SPL) attenuation by gradient shape adjustment,

three different gradient sets were used: a 72-mm self-

shielded gradient system SGRAD 123/72/S (o.d./i.d.)

(Magnex, UK) installed in a vertical bore, 11.7T magnet

(Magnex, UK), a 120-mm diameter gradient insert

SGRAD 205/120/S (Magnex, UK) and a 305-mm diam-

eter SGRAD MK II 395/305/S (Magnex, UK) installed

in a horizontal bore, 7T magnet (Magnex, UK). Both
spectrometers were connected to an Avance DRX Bru-

ker console (Bruker, Karlsruhe, Germany).

Acoustic noise was measured using a Bruel and Kjaer

2238 Mediator sound level meter equipped with a pre-

polarized free-field condenser microphone type 4188.

For all measurements the microphone was centered

20cm deep into the magnet and connected to the sound

meter by a double-shielded cable. For the frequency re-
sponse function measurements of the gradient sets, the

analog output of the sound meter was connected to a

digital scope (Tektronix TDS 3032) from which the dig-

itized data were transferred onto a PC and further pro-

cessed with Matlab software (The MathWorks, Natick,

MA). In all acoustic measurements the mean equivalent

sound pressure level (SPL) was recorded (as defined by

IEC 1672) and the results are shown both in the C
and A-mode. The latter takes into account the physio-

logical characteristics of human hearing.
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2.2. Frequency response function of the MRI system

It has been shown that the electromechanical struc-

ture of the MRI system forms an unit that displays a lin-

ear response to the applied gradient pulses [16]. The

output from the system, which can be observed as a me-
chanical vibration accompanied by acoustic frequencies,

is given by equation:

P ðf Þ ¼ Hðf Þ � Gðf Þ; ð1Þ
where H( f ) is the frequency response function (FRF),

which is independent of the system�s, input, and G( f )

is the frequency spectrum of the gradient pulse sequence.
Thus, once the FRF for a spectrometer is known, the

acoustic response of this system can be calculated as

the product of G( f ) and H( f ). The FRF usually varies

for different scanners, depending on the mechanical con-

struction of the gradient coils and cryostat [17–19].

However, all systems appear to have a significantly re-

duced response at the lower frequencies [16]. This prop-

erty can be utilized for the design of quiet pulse
sequences if its major components in the frequency pro-

file can be moved into this low frequency area [11]. In

practice, the FRF can be measured by the broadband

and uniform excitation of the gradient system, e.g., with

frequency limited ‘‘white’’ noise from a noise generator

[16] with a sinc-shaped gradient pulse which has uniform

frequency characteristics over the desired frequency

range [11] or by sinusoidal sweeps over the measured
frequency range [20].
Fig. 2. Typical acoustic FRF for all three examined gradient sets: (A) 72m

longitudinal-channel of the same gradient set, (C) 120mm gradient insert

gradient system (7T spectrometer) for the transverse channel. The FRFs were

and are shown as 10 logH2( f ) for each gradient. All measured FRFs exhibited

FRF for this gradient selects certain low frequencies, however, the overall aco

of the same system. Note that both small gradient sets showed partial respons

reduction can be observed up to 1.7kHz and for the 72mm inset even up to
All measurements were performed using a sinc-

shaped gradient pulse (vide infra). The FRF of each x,

y, and z-gradient channel was calculated separately as

the Fourier transform of the acoustic response to a 40-

lobe sinc gradient pulse of 10ms duration, which had

a flat spectrum from 0 to 4kHz [11]. Typical FRFs for
all of three gradient sets are shown in Fig. 2. Note that

all of the FRFs exhibited a reduced response for fre-

quencies below �600–800Hz with the exception of the

11.7T z-gradient, which did not show a reduced re-

sponse in this frequency region. On the other hand,

the SPL produced by this z-gradient was about 18dB

lower (C-mode) compared to the remaining transverse

gradient channels of the same system and therefore its
contribution to the total SPL could be considered negli-

gible. Moreover, both small diameter gradient sets

showed a further partial reduction of the acoustic re-

sponse for higher frequencies; for the 120-mm gradient

this partial reduction can be observed up to 1.7kHz

and for the 72-mm gradient for even higher frequencies,

up to 2kHz.

2.3. Frequency spectrum of the SPI gradient program

The SPI gradient pulse program is relatively simple

and one period can be fully characterized by: gradient

amplitude A, plateau length P, ramp time R, ramp

shape, and a repetition time TR as shown in Fig. 1. As-

suming for the moment that the applied phase encoding

is an even and periodical function (i.e., neglecting the
m gradient coil (11.7T spectrometer) for the transverse channel, (B)

(7T spectrometer) for the transverse channel, and (D) 305mm main

measured in the range of 0–4kHz; magnitudes were rescaled to 1 (a.u.)

reduced response for low frequencies except the 72mm z-gradient. The

ustic level was about 18dB below both the transverse gradient channels

e reduction for higher frequencies. For the 120-mm gradient this partial

2kHz.
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amplitude changes between successive phase encoding

steps), the gradient time course G(t) can be represented

by a Fourier series [21]

GðtÞ ¼ a0
2
þ
X1
n¼1

an cos n
2p
TR

t
� �

; where

an ¼
2

TR

Z TR

0

GðtÞ cos n
2p
TR

t
� �

dt

for n ¼ 0; 1; 2; . . . ð2Þ

Now consider two types of gradient shapes: a gradi-

ent pulse with a linear ramp and a gradient with a si-

nusoidal ramp, as has been proposed by Hennel et al.

[11–13]. The latter has been found useful for the

minimization of acoustic noise in fast MRI sequences.

Calculating the coefficients an for the non-zero frequen-
cies (i.e., n=1, 2, . . .), we obtain for the linear ramped

gradient:

an ¼
Að�1Þn

p2n2
R
TR

� ��1

cos np
P
TR

� ��

� cos np
P
TR

þ 2R
TR

� �� ��
: ð3Þ

and for gradient pulse with the sinusoidal slopes:

an ¼
Að�1Þn

pn
1� 4n2

R
TR

� �2
 !�1

sin np
P
TR

� ��

þ sin np
P
TR

þ 2R
TR

� �� ��
: ð4Þ

The position of each spectral line an on the frequency ax-

is is given by fn ¼ n
TR
. The dependency of spectral power

for a gradient pulse with linear slope on the parameters

R/TR and P/TR is shown in Fig. 3. As seen from the plot,

the power of the fundamental frequency is relatively in-
sensitive to changes in R/TR and decreases only for very

low ratios. For the higher frequencies the total power

declines with increasing R/TR. The conclusion from

these observations is that the only possible way to min-

imize the power level of acoustic noise is to position the

fundamental frequency into the low amplitude range of
Fig. 3. SPL simulations for a gradient pulse with linear gradient ramp as a

(i.e., n=1) and (B) the power for the frequencies in the range n=(2–99), calc

decreases as R increases and the minimum is reached around R/TR=0.35 an
the FRF and to choose a sufficiently long R and P.

Thus, for minimization of acoustic noise by gradient

timing, the following condition must be satisfied:

TR >
1

fr
; ð5Þ

where fr is the upper limit of the flat reducing part of FRF.

When calculating the ratio of the mean power depo-

sition into the gradient sets for a SPI with linear slope

gradient and the SPRITE sequence, both using the same

repetition time TR, we obtain:

P linear slope

P SPRITE

¼
R TR

0
I2LSðtÞdtR TR

0
I2SPRITEðtÞdt

¼ 0:667 � Rþ P
TR

ð6Þ

and for the sinusoidal gradient slope:

P sinusoidal slope

P SPRITE

¼
R TR

0
I2SSðtÞdtR TR

0
I2SPRITEðtÞdt

¼ 0:625 � Rþ P
TR

; ð7Þ

where ILS(t) and ISS(t) represent the instantaneous gra-

dient current for linear or sinusoidal slope gradients, re-

spectively.

Note, employing longer gradient ramps increases the

gradient duty cycle when comparing to the analogous

standard SPI method with abrupt gradient. Consider,

for example, the original SPI with as gradient plateau
of the length P=0.1 ÆTR and a gradient ramp R=

0.1 ÆTR. If the maximum available slope with duration

R=0.45 ÆTR is used, the increase in power deposited into

the gradient coils amounts to a factor of 2.4 for a linear

anda factor of 2.29 for a sinusoidal shaped gradient ramp.

On the another hand, when comparing the modified se-

quence to the SPRITE sequence, both using the same

TR, the deposit power is less by a factor of 2.5 for the linear
and a factor of 2.6 for the sinusoidal shaped gradient.
3. Results and discussion

The SPI sequence with adjustable gradient plateau and

ramp length, together with adjustable gradient ramp

shape was implemented on both spectrometers. To inves-
function of R/TR and P/TR: (A) power for the fundamental frequency

ulated as P ¼ 10 log
P

ða2nÞ. The total power for the upper frequencies

d P/TR=0.15.
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tigate the influence of the gradient pulse parameters on the

SPL, two different types of experiments were performed:

SPL as a function of the gradient slope length and/or

shape (linear versus sinusoidal) and changes in SPL as a

function of the time repetition between experiments. All

experiments were performed with the following gradient
amplitudes: 150mT/m for the 72mm gradient system,

93mT/m for the 120mm gradient system, and 25mT/m

for the 305mm gradient system. The plateau length of

P=0.4 ms was kept the same for all experiments. Fig. 4

shows the results from these measurements. In the first

set of experiments SPL was measured for both types of

gradient slopes (linear and sinusoidal) and their lengths

changed up to the maximum length of R=1.6ms, while
the repetition time was kept constant at TR=4 ms. It

can be seen that the best acoustic noise suppression was

achieved for the 72mm gradient system where replacing

the 175ls linear ramp by the 1.6ms sinusoidal slope re-

sulted in a 23.2dB decrease of acoustic noise (measured

in A-scale). This measured SPL was only 4dB above the

background noise in the room. The power deposition into

the gradient system dropped down by a factor of 3 when
Fig. 4. Results of the acoustic noise level measurements for the SPI sequence u

set. The influence of the gradient slope duration on the final SPL is shown in

shown in the right-hand column. For each measurement two types of gra

performance of acoustic noise suppression (>20dB) was achieved for the 72 an

set was only about 12dB, this is explained by the shape of the FRF (see tex
compared to the SPRITE sequence. Similar results were

obtained for the 120mm gradient system where 20.5dB

(A-scale) suppression of the noise level was achieved for

a 1.6ms slope length. Again, this was about 4dB above

the background noise. The least effective acoustic noise

suppression was observed for the 305mm gradient sys-
tem, where only a 12dB reduction of acoustic noise was

achieved. This was about 30dB (A-scale) above the back-

ground noise level. When the longer repetition time

TR=8ms was used and a longer gradient slope of

R=3.6ms could be used, the SPL magnitude dropped

by 19.8dB (A-scale) but was still about 10dB above back-

ground level.

Measurement of acoustic noise level variation as a
function of TR was done from TR=3–12ms with a 1ms

step increment and a constant gradient slope R=1.2ms.

The obtained values are shown in Fig. 4 (right column)

and reveal that no substantial variations of SPL (less than

±2.5dB for both the 72 and the 120mm gradient system)

with changing repetition time occurred.

To explain the different performances of acoustic noise

suppression when comparing the small versus the big
sing three different types of the gradient sets: a 72, a 120, and a 305mm

the left-hand column, the dependence on the sequence repetition rate is

dient slopes were compared: the linear and the sinusoidal. The best

d the 120mm gradient sets. The SPL reduction for the 305mm gradient

t).
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gradient set, SPI sound profiles were recorded and fre-

quency spectra calculated [19]. The results are shown in

Fig. 5. It can be seen that for both smaller gradient sets

themain spectral lines are shifted towards higher frequen-

cies, while in the case of the 305mm gradient set, most of

the acoustic energy is concentrated around 750Hz. The
relative contribution of the individual frequencies to the

final SPL of the acoustic suppressed sequence can be

shown on the cumulative histogram defined as:

P ðnÞ ¼ 10 log10
Xn
i¼1

ða2i Þacoustic suppressionPN
j¼1

ða2j Þwithout acousticm supression

; ð8Þ

i.e., the cumulative histogram is normalized to the acous-

tic noise power generated by the gradients using a linear

slope. Fig. 5D shows the comparison of the acoustic
noise suppression performance for the 72 and the

305mm gradient systems. The cumulative histograms

were calculated for a gradient sequence using a sinusoidal

gradient slope, R=1.6ms and TR=4ms. It can be seen

that for the larger bore gradient system the contribution

of the third harmonic to the overall acoustic sound power

is 24dB. This explains the bad performance for acoustic

noise suppression on the 305mm gradient system.
The overall image quality is not affected by the

changes to reduce the acoustic noise reduction. Fig. 6

shows a 3D reconstructed image of a jujube candy, char-

acterized by relaxation times T1=950ms, T �
2 ¼ 270ls,

obtained with silent SPI sequence on the 11.7T spec-
Fig. 5. SPI sequence acoustic spectra obtained with different gradient slope le

and 40% for clarity): (A) 72mm gradient system, (B) 120mm gradient system,

(A) and (C) the acoustic spectrum is a composite of many spectral lines

significantly suppressed by selecting longer gradient slopes. For the 305mm sy

(D) shows the huge �24dB contribution of this frequency to the acoustic no
trometer using the following parameters: FOV=5 ·
5 · 2.5cm, resolution 128 · 128 · 32 points, 5.3� a pulse,

Tp=300ls, gradient plateau P=400ls, sinusoidal gradi-
ent slope length of R=1.6ms and time repetition

TR=4ms, one average and a total acquisition time of

35min. The mean equivalent SPL over the whole
experiment was 73.6dB and the maximum SPL value

was detected as 78.5dB. For comparison the same

experiment using linear gradient slopes with default

length of R=175ls resulted in the mean SPL of 95.6

and 100.1dB peak level. When comparing SPI using a

sinusoidal gradient slope with experiments performed

using the default linear ramp, an increase of the gradient

power deposition by a factor of 2.71 in each repetition
cycle can be observed. The same comparison between

the sinusoidal gradient SPI and the analogous experi-

ment performed with standard rectilinear SPRITE re-

veals that the optimized gradients deposit 2.85 times

less power as compared to SPRITE.
4. Conclusion

We have presented a modified SPI sequence employ-

ing optimized gradient parameters to minimize acoustic

vibration in the MRI scanner. It has been shown that us-

ing longer ramp and/or shaped gradient slopes can sig-

nificantly reduce acoustic noise, even for SPI sequences

using relatively short repetition times on the order of a

few milliseconds. This is because the frequency response
ngth and shapes (spectra for the same system are plotted shifted up 20

and (C) 305mm gradient system. Note, that for both small gradient sets

shifted towards to the higher frequencies. These frequencies can be

stem one major frequency occurs at 750Hz. The cumulative histogram

ise level, even after using 1.6ms sinusoidal gradients slope.



Fig. 6. (A) A 2D slice from 3D (128 · 128 · 32) image with S/N=10.5

and (B) surface rendered 3D image of a jujube candy obtained with

SPI using sinusoidal modulated gradients. The average noise level

during the experiment was 73.6dB and peak noise level 78.5dB (both

measured in A-mode), while the background noise level in the room

was about 65dB. This was more than 20dB less as obtained with linear

gradient slopes with default length of R=175ls.
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function of typical small-bore gradient coils has an ex-

tended reduced response area at the low frequency range

compared to the larger bore systems.

However, effective SPL suppression requires the use of

gradient ramp lengths ofmore than 1ms, which sets a lim-
it for the minimum TR around 3ms. On the other hand,

ramping of the gradients provides benefits in the form

of a reduction in the instantaneous power deposition into

the gradient coils as compared to SPRITE gradient

switching. Even if the optimized gradients shape reduces

gradient coil heating, problems can still occur at the ex-

tremities of k-space where the absolute magnitude of the

gradients is highest. An elegant approach tominimize this
problem is centric scans sampling of k-space [9]. Also, a

combination of both methods, i.e., usage of optimized

gradient switching together with centric scan sampling,

could provide a further gradient power reduction if a

slightly longer repetition time is not an obstacle.

The results proved that SPI, with optimized gradient

parameters, could be an excellent alternative to the

SPRITE method, especially when overheating of gradi-
ents might be a concern. On the other hand, even if op-

timized gradients contribute to the lowering of heat

deposition as compared to the SPRITE method, the

SPI method is gradient intensive and should never be

run without actively cooled and monitored gradients.

However, using careful considerations, exceptions are

possible [8].

The implementation of the method is very simple es-
pecially for systems where the shape of the gradient

slope can be altered or the duration of the ramp time

can be adjusted.
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