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CHAPTER 3

ABSTRACT
Object: While pseudo-Continuous Arterial Spin Labeling (pCASL) is a promising imaging 

technique to visualize cerebral blood flow, it is also (acoustically) very loud during labeling. In 

this paper, we reduced the labeling loudness on our scanner by increasing the interval between 

the RF pulses from the literature standard of 1.0 ms. We also propose recommendations to 

reduce the loudness on scanners of the same type at other sites.

Materials and Methods: First the sound pressure level (SPL) was both simulated and measured 

as a function of the labeling interval (1.0-1.8 ms) and longitudinal position in the scanner (-10 to 

+10 cm, relative to isocenter). Subsequently, we selected the labeling interval with the lowest 

overall SPL for the ‘SPL-optimized’ pCASL sequence. Nine volunteers were scanned to compare 

raw signal intensity, temporal signal-to-noise ratio (tSNR) and labeling efficiency between the 

SPL-optimized and the standard PCASL sequence.

Results: SPL measurements on our scanner showed that loudness was reduced by 6.5 dB at the 

approximate location of the ear by adjusting the labeling interval to 1.4 ms. Furthermore, image 

quality was not affected, since no significant differences in signal intensity, tSNR and labeling 

efficiency were observed.

Conclusion: By increasing the pCASL labeling interval, acoustic noise in the pCASL sequence 

was reduced with 6.5 dB, while image quality was preserved. 

Key words
Arterial spin labeling; pCASL; sound pressure level; labeling interval; cerebral blood flow; 

magnetic resonance imaging;  
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INTRODUCTION 
Cerebral blood flow (CBF) is an important parameter to assess hemodynamic function of the 

brain. Over the past few years arterial spin labeling (ASL) has arisen as a very promising imaging 

technique to visualize CBF (Detre et al., 2012). The scanning technique will likely be distributed 

by manufacturers and see much use in clinical investigations as well as in research studies. By 

employing blood water as an endogenous tracer, CBF can be evaluated non-invasively. One 

of the most commonly used ASL methods is pseudo continuous ASL (pCASL) as proposed 

by Dai et al (Dai et al., 2008). With pCASL, a 1-2 s train of low flip angle radiofrequency (RF) 

pulses is administered while simultaneously, gradients encode for a plane at the base of the 

brain. The interval between two RF pulses (labeling interval) is set to 1 ms and in this way the 

blood flowing through the plane is labeled. This is often followed by a multi-slice echo-planar 

imaging (EPI) read-out, with other 3D read-out techniques such as the gradient and spin-echo 

(GRASE) or turbo spin-echo spiral (TSE) increasingly gaining popularity. To compensate for 

magnetic transfer effects, an accompanying non-labeling scan is performed with identical 

labeling gradients and readout but with alternating RF pulses, after which the perfusion can be 

calculated by subtraction of the labeled and non-labeled images.

One of the main issues currently with pCASL imaging is its loudness; it is perceived as rather 

uncomfortable for both the patient in the scanner and MR-technologists outside the scanner 

room. Dai et al. found that the use of stronger encoding gradients improves labeling, however 

since the average gradient strength needs to be maintained, the gradients need to alternate 

with the same period as the RF pulses in a zig-zag pattern (Dai et al., 2008) (as illustrated in figure 

1A). The dominant acoustic frequency of labeling will therefore be determined by the labeling 

RF interval (1 kHz), while the jagged shape of the encoding gradient will also lead to several 

higher harmonics. This is corroborated by the EPI readout, with a readout base frequency of 

~900 Hz, and is also typically very loud (Haller et al., 2005; Schmitter et al., 2008). The amount 

of scanner loudness is determined by the shape of the gradient coils and the scanner bore, 

parameterized in the acoustic transfer function (TRF), which enhances some frequencies (due 

to resonance) and dampens others; this loudness is parameterized as the Sound Pressure 

Level (SPL). In addition, the sensitivity of the auditory system is highest between 1 and 6 kHz 

(ISO standard 226:2003), leading to a further increase of the SPL perceived by the auditory 

system (also known as the hearing level (HL)). With a SPL exceeding safety levels of 100 dB 

(ISO standard 1999:1990 (ISO, 1990)), without appropriate hearing protection, 15 min of pCASL 

scanning could lead to permanent auditory damage (Welleschik, 1979). 

Reducing the loudness of pCASL would be especially favorable in cases where adequate 

hearing protection (earplugs combined with a headphone) is not feasible, e.g. for patients 

after neurosurgery wearing a bandage around the head preventing the use of proper hearing 

protection. In the presence of ever more powerful gradient systems however, relatively few 

efforts are made to also reduce acoustic noise. A set of guidelines to reduce the loudness of EPI 

scans (Haller et al., 2005; Schmitter et al., 2008) in functional imaging of auditory tasks (Peelle 

et al., 2010; Seifritz et al., 2006) has already been published by Hennel (Hennel et al., 1999). 

Our aim was therefore to reduce the loudness of the labeling part of the pCASL sequence, and 

present an approach which can be easily translated to other MR-systems. Previous simulations 
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by Dai et al. (Dai et al., 2008) suggested that increasing the labeling interval while preserving 

the total energy deposition, will not affect the labeling efficiency, provided the labeling interval 

is kept smaller than 2.3 ms. Since we have the TRF functions of our scanner (Philips Intera 3T), in 

this study, we first perform simulations to identify labeling intervals in which the loudness (SPL) 

and hearing level (HL) are minimal/maximal. Subsequently, we validate the optimal labeling 

interval by measuring the loudness and labeling efficiency of those labeling intervals and relate 

this to our simulations. 

MATERIALS AND METhODS
This study was conducted in compliance with the regulations of the Local Institutional Review 

Board. Two separate experiments were performed. The first experiment was designed to 

investigate the effect of a varying labeling interval on the pCASL acoustics by evaluation of the 

SPL and hearing level during labeling. The goal of the second experiment was to investigate 

the effect of a varying labeling interval on the pCASL image quality, as evaluated by the pCASL 

labeling efficiency, temporal SNR (tSNR) and perfusion signal intensity in the grey matter (GM). 

Investigations were performed by simulations in Matlab (Mathworks, Natick, MA, USA) and MRI 

measurements on a Philips 3T Intera system (Philips Medical Systems, Best, The Netherlands) 

with an eight-channel head  receive coil and body transmission coil.

Study 1

To investigate the effect of a varying labeling interval on the SPL, the SPL was first simulated 

in Matlab. The gradient waveform during the labeling segment of the pCASL (Dai et al., 2008) 

sequence was modeled (figure 1A). Subsequently, the frequency spectrum of these waveforms 

was computed and convolved with a scanner- and location-specific acoustic transfer function 

(TRF) by multiplication in the frequency domain (Hedeen and Edelstein, 1997). TRFs are 

specific for the model and field strength of the scanner, and were available from the scanner 

manufacturer upon request. The provided TRFs had a frequency resolution of 4.9 Hz and have 

been determined for 5 different longitudinal spatial positions in the scanner bore (from 0 cm to 

16 cm of the scanner isocenter with 4 cm steps, as indicated in figure 1B by the red squares). The 

acoustic distribution was assumed point-symmetric with respect to the scanner isocenter and 

values in the x,y plane were calculated based on the distance relative to the isocenter using the 

actual measured values along the longitudinal z-axis. Using a spline interpolation and assuming 

a point-symmetrical distribution, the TRF was then determined for arbitrary distances in the 

scanner bore (as indicated by the grey shading in figure 1B). Based on the power of this labeling 

specific acoustic frequency spectrum, the corresponding SPL was calculated: 

[1]

where P
spectrum

 is the power of the spectrum and p
0
 the power of the reference sound pressure 

(2x10-5 Pa). To include the sensitivity of the human auditory system in the simulations, the hearing 
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level was calculated by means of multiplication of the power spectrum with a frequency specific 

acoustic weighting filter (ITU-R-468) (Geddes, 1968). Based on the weighted power spectrum, 

the hearing level was subsequently calculated in a similar manner as the SPL (according to 

formula 1). Each simulation was repeated for varying values of the labeling interval (varying 

from 0.8 ms to 1.8 ms in steps of 0.01 ms) and for varying values of the measured positions (-16 

cm to 16 cm from the isocenter). 

To confirm the outcome of the acoustic simulations, the SPL was measured with a Bruel&Kjear 

2238 sound level meter (Naerum, Denmark) in the MRI scanner during pCASL labeling. The 

microphone was positioned 7 cm above the scanner bed and 8 cm left from the magnets 

isocenter (approximate in-plane location of the left ear as indicated in by the vertical green lines 

figure 1B). To avoid microphone damage during scanning, all RF was disabled. Subsequently, the 

Figure 1 A): Shape of the labeling gradient for different values of the labeling interval. B): Design of the 
measurement set-up. Left: Positioning of the measured TRF positions (red squares), simulated TRF area (grey 
shading), measured SPL positions (blue dots) and assumed ear position (green lines) in the scanners isocenter. 
Right:  The corresponding true scale positioning of a volunteer in the scanners isocenter.
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SPL was measured at different longitudinal scanner bed positions (-10 cm to 10 cm with 2.5 cm 

steps, as indicated by the blue dots in figure 1B) and with different labeling intervals (varying 

from 1.0 ms (current setting) to 1.8 ms with steps of 0.1 ms). Taking into account the horizontal 

positioning of the microphone, absolute positions from the isocenter were 8 cm to 12.81 cm 

(concurring to 0 to 10 cm bed positions). To optimize the SPL measurement for the labeling 

acoustics, the EPI readout was effectively minimized in the pCASL sequence by employing a 

single slice 2D EPI readout with a maximum SENSE factor (effectively leading to an EPI-factor of 

11 k-lines). PCASL sequence parameters were: labeling duration: 3175 ms, no post labeling delay, 

number of signal averages (NSA): 3, no RF.  

Study 2  

To investigate the effect of an adapted labeling interval on the image quality in the pCASL 

sequence, 9 healthy volunteers (5 female, 4 male, age 19-35 years) were scanned and all gave 

informed consent. Each scanning session consisted of a T1 scan for anatomical reference (3D 

FFE (FLASH), FOV: 240x240 mm2, resolution: 1x1 mm2, slices: 90, slice thickness: 2 mm, TR/TE: 

9/3.5 ms, scan duration: 2:15 min), followed by a phase-contrast (PC) velocity measurement at 

the height of the pCASL labeling plane to serve as input in the labeling efficiency quantification 

(Aslan et al., 2010) (FOV: 230x230 mm2, resolution: 0.45x0.45 mm2, single slice, slice thickness: 4 

mm, TR/TE: 15/5.1 ms, FA: 15º, V
enc

: 80 cm/s, scan duration 61 sec.). Based on the SPL simulations 

and measurements, combined with previous research regarding labeling efficiency as a 

function of the labeling interval (Dai et al., 2008), the CBF was measured twice: once with the 

literature default labeling interval (1.0 ms, FA: 18º) and once with the SPL optimized labeling 

interval (1.4 ms, FA: 25.2º). The imaging parameters of the pCASL scans were: FOV: 240x240 

mm2, resolution: 3x3 mm2, 17 slices, slice thickness: 7 mm, no gap, labeling duration: 1650 ms, 

post labeling delay: 1525 ms, gradient echo single shot EPI read-out, background suppression 

(BSup): 1680 ms /2830 ms, SENSE: 2.5, NSA: 38, TR/TE: 3850/14 ms, scan duration: 5:00 min.

After acquisition, the PC-velocity scans were imported in ITK-SNAP (Yushkevich et al., 2006) 

whereupon the velocities in the carotid and vertebral arteries were extracted by means of ROI 

drawing. Based on the segmented velocities the pCASL labeling efficiency was then estimated 

for each labeling interval by estimating the total blood flow into the brain and normalizing by 

total brain volume, which was determined from the T1 scan (Aslan et al., 2010). The ASL scans 

were internally realigned, subtracted, averaged and co-registered to the anatomical T1 scan 

with SMP8 (Wellcome Trust Centre for Neuroimaging, London, UK).  After registration, the GM 

was segmented from the anatomical scan and converted to a binary mask for GM CBF and GM 

tSNR evaluation.  The GM CBF was calculated according to (Wang et al., 2002): 

[2]

where f is the flow (ml/g/s), ΔM the ASL signal intensity, R
1T

 the longitudinal relaxation rate of 

brain tissue (0.83 s-1 for GM) (Lu et al., 2005), R
2a

* the R
2

* of arterial blood (20 s-1) (Teeuwisse et al., 

2011), TE the echo time (14 ms), R
1a

 the longitudinal relaxation rate of arterial blood (0.62 s-1) (Lu 
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et al., 2004), ρ the density of brain tissue (1.05 g/ml) (Herscovitch and Raichle, 1985), M
0a

 the 

equilibrium magnetization of arterial blood for which a previously determined scanner specific 

average value was used normalized by the signal of the CSF, based on the method of Chalela et 

al. (Chalela et al., 2000), α
pCASL

 the estimated labeling efficiency from the PC-MRI measurement 

(Aslan et al., 2010), α
BSup

 the labeling efficiency due to background suppression (0.83)(Garcia 

et al., 2005), δ the tissue transit time (1400 ms) (Chen et al., 2012), PLD the post-labeling delay 

(1500 ms) and τ the labeling duration (1650 ms). The tSNR in each voxel was calculated as the 

mean signal over the dynamics, divided by temporal standard deviation over the dynamics. 

To verify that the labeling efficiency, tSNR and ASL signal intensity across all volunteers did 

not significantly change due to the prolongation of the labeling interval, a paired two sided 

Student t-test was used (p<0.05). In addition to measuring labeling efficiency, subjects were 

asked which scan they experienced as the loudest.

RESULTS
Study 1

Figure 2A depicts the simulated SPL level as a function of the labeling interval and position from 

the scanners isocenter (relative to 1.0 ms interval and 0 cm distance from isocenter, which 

was used as 0 dB reference point). It shows that the SPL varies strongly over both distance 

and labeling interval. In addition the assumed positional symmetrical distribution around the 

isocenter is clearly visible. Maximum SPL was reached at a labeling interval of 1.54 ms regardless 

of position. Minimal SPL levels were found between labeling intervals of 1.15-1.24 ms, 1.31-1.43 ms 

and 1.73-1.8 ms. While the minimum around 1.2 ms appears to vary as a function of position, the 

second minimum (~1.37 ms) appears more stable over the position but starts varying beyond 

10 cm. The third minimum (~1.76 ms) appears to remains stable regardless of position. Figure 

2B depicts the simulated hearing level as a function of position and labeling interval. It can be 

Figure 2: Simulated sound pressure level (SPL) (A) and hearing level (HL) (B) as a function of the labeling interval 
and position from isocenter (grey area in Figure 1), relative to the simulated SPL at longitudinal position 0 cm and 
1.0 ms labeling interval. Longitudinal (ear) positions of 0.0, 2.5, 5.0, 7.5 and 10.0 cm correspond to the following 
positions from isocenter: 8.0, 8.4, 9.4, 11.0 and 12.8 cm.
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seen that the hearing level patterns largely resemble the patterns in figure 2A, with an overall 

increment of approximately 3-4 dB. However, for the labeling interval between 1.31-1.43 ms, 

levels remained relatively unchanged with a mean increment of less than 1 dB over all positions. 

Since the sound level at 1.0 ms interval increased with a mean of 3.6 dB over all positions, the ~1.37 

ms interval yields a relative decrease of approximately 2.6 dB over all positions in hearing level. 

For the approximate ear positions a relative reduction of 1.7 dB in hearing level can be achieved.  

Figure 3 depicts the measured SPL values as a function of the labeling interval for each 

measured longitudinal position in the scanner (SPL values relative to the measured SPL for 1.0 ms 

labeling interval and 0 cm longitudinal position).  It can be seen that the SPL varies as a function 

of the labeling interval and position. Contrary to the assumption used in the simulations, 

no symmetrical distribution around the isocenter was found. Of the 3 minima found in the 

simulations, solely for 1.4 ms labeling a consistent reduction of more than 1 dB is observed over 

all positions, though for positive longitudinal positions the minimum around 1.1-1.2 ms appears 

to be more pronounced.  At 1.4 ms, the measured average reduction over all positions was 3.7 dB 

with a maximum reduction of 6.8 dB (-2.5 cm) and minimum reduction of 1.7 dB (2.5 cm), while 

the average reduction at the approximate longitudinal position of the ear was 6.5 dB (-2.5 cm to 

-5 cm, as indicated in figure 1B by the blue dots combined with the horizontal green lines). 

Figure 3: The measured (solid line) SPL values as a function of the labeling interval, for each measured longitudinal 
position (-10 cm to 10 cm, feet to head), relative to the measured SPL at longitudinal position 0 cm and 1.0 ms 
labeling interval. The simulated (thin grey line) SPL values, corresponding to SPL values in Figure 2 at (+/-) 8.0, 
8.4, 9.4, 11.0 and 12.8 cm, are plotted for comparison. Absolute distances from isocenter are denoted in italic.
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Study 2

Figure 4 shows three ASL (ΔM) slices acquired for a 1.0 ms and 1.4 ms labeling interval. No 

distinct differences in perfusion patterns and overall image intensity can be seen between the 

two labeling intervals. These findings are supported by Table 1, where the average GM signal 

intensity, GM tSNR and calculated labeling efficiency (from the PC-MRI) across all volunteers 

are shown for both labeling intervals. No significant differences between the two labeling 

intervals were found for all three parameters (as indicated by the p-values). The corresponding 

average CBF across all volunteers was 64.3±14.6 ml/min/100gr. After the measurements, 8 (of 9) 

subjects reported that they experienced the 1.4 ms labeling interval to be more comfortable 

than the 1.0 ms labeling interval.

Table 1: Derived GM signal intensity, GM tSNR and labeling efficiency over the volunteers (mean± standard 
deviation), for a 1.0 ms and 1.4 ms labeling interval.

Labeling interval

1.0 ms 1.4 ms

CBF (ml/min/100gr) 64.3±14.6

GM Signal intensity (a.u)a 61.4 ± 24.6 57.1 ± 22.3 ap=0.69

GM tSNRb 6.65 ± 0.93 6.48 ± 0.68 bp=0.69

Labeling efficiency c 0.83 ± 0.23 0.76 ± 0.21 cp=0.52

Figure 4: Example of three acquired ASL (ΔM) slices for a 1.0 ms and 1.4 ms labeling interval in a single volunteer. 
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DISCUSSION
In this study, we have performed simulations and MRI measurements in an effort to reduce the 

acoustic noise produced during the labeling part of the pCASL sequence. This was investigated 

by varying the labeling interval. The SPL was first simulated and measured for different intervals 

in order to find an optimal SPL reduction, after which the pCASL image quality was assessed for 

its optimal setting. 

In study 1, we have performed SPL simulations for distances up to 16 cm from the isocenter 

and for labeling intervals between 1.0 and 1.8 ms. Simulation results (figure 2) show a large 

variation in the SPL as a function of the labeling interval and location. One notable feature is a 

peak in SPL at 1.5 ms (in our simulations at 1.54 ms). This can be accounted for by an overlap of a 

high peak in the TRF at 1.3 kHz with the first harmonic of the labeling frequency (i.e., 1/labeling 

period) at 1.5 ms (i.e. 667 Hz *2 = 1.33 kHz). With respect to acoustic noise reduction, we found 

three possible interval areas with a reduced SPL. Solely the 1.4 ms interval was confirmed by 

the MRI measurement, reducing the SPL by 3.7 dB on average over all measured positions in 

the scanner. At the longitudinal positions corresponding to the location of the ear (positions 

-2.5 cm to -5 cm) an average SPL reduction of 6.5 dB (corresponding to a 4.4 fold reduction in 

sound intensity/amplitude) was achieved. Taking into account the perception of the auditory 

system, simulations predict that an additional 1.7 dB reduction would be gained in hearing level 

in addition to the measured SPL reduction. 

However, some concerns have to be addressed. For the simulations, a distribution of the SPL 

that is symmetric in the z-direction around the isocenter was assumed (as indicated by the grey 

shading in figure 1B), but this was not confirmed by the measurements. An explanation could 

be that the longitudinal SPL distribution due to the z-gradient is not symmetrical around the 

isocenter when the contents of the scanner are not symmetric around the isocenter. Variations 

in SPL due to differences in the size of subjects inside the MRI have been reported before (Wu 

et al., 2014). Since solely positive longitudinal TRF positions were available, this would result in 

a mismatch between the minima found in the simulation and measurements. Especially for the 

negative longitudinal positions (which correspond to the approximate longitudinal position of 

the ear in a typical brain study), this could be a major source of the mismatch. In addition, the 

available TRFs were measured in the scanner isocenter (indicated by the red squares in figure 

1B), while the in-plane positioning of the microphone was on the approximate location of the 

ear (as indicated by the blue dots in figure 1B). With respect to the simulated hearing level, 

these were also based on the TRFs which could result in the same mismatch as found with the 

SPL simulation. However, this does not affect the main findings of this study, since the SPL (and 

HL) minimum found at 1.4 ms was confirmed by our measurements. 

In study 2, we assessed the effect of an adapted labeling interval on image quality. No 

difference in mean ASL signal was found between a 1.0 ms and 1.4 ms labeling interval, indicating 

preservation of image quality. This result confirms the simulations of Dai et al. (Dai et al., 2008) 

which predicted no change in labeling efficiency with an increasing RF interval up to 2.5 ms. In 

addition, no significant differences were found in the calculated labeling efficiency and tSNR, 

though the labeling efficiency variation over volunteers was larger than previously reported 

(Aslan et al., 2010). However, the mean labeling efficiency and mean GM CBF (derived from 
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PC-MRI) were in correspondence with previously found values (Aslan et al., 2010; Dai et al., 

2008; Garcia et al., 2005).  

In order to implement the labeling noise reduction on other MRI scanners, acoustic TRFs 

for the three gradients should be obtained from the manufacturer. While in this study, a scanner 

specific TRF was used, a model specific TRF (which is an average over different scanners of the 

same model) would suffice to give an indication of the labeling frequencies where the SPL and 

HL can be reduced. The noise reduction can already be achieved with minimal efforts by a) 

choosing the base frequency such that the first harmonic does not coincide with a peak in the 

TRF, and b) keeping the base frequency below the 1kHz frequency limit where human hearing 

becomes more sensitive (ITU-R-468). 

We are aware that the position-specific results cannot be straightforwardly generalized to 

other scanners. However, we investigated a general TRF that was provided by our manufacturer. 

We noticed characteristic properties common to all 1.5T-3T models; e.g. a peak at ~ 1310 Hz. This 

peak would cause a similar increase in SPL at 1.5 ms labeling interval as seen in our results, due to 

the contribution of the second harmonic.  Simulations with the general TRF showed an overall 

decrease in SPL with the labelling intervals ranging from 1.1-1.4 ms. We therefore recommend to 

select the most appropriate interval within 1.1 and 1.4 ms,  based on the subjective experiences 

of subjects and preferably based on the scanner specific TRF of the manufacturer.

Even though the labeling part can be reduced, the EPI readout remains considerably loud. 

The approaches described in this paper can be combined with readout strategies that use RF 

(instead of a gradient) for refocusing echo’s (such as a turbo spin echo readout), or use more 

smooth gradient readouts that minimize slew rates (such as spiral readout), or a combination 

of the two. See (Vidorreta et al., 2012) for several readout strategies.

CONCLUSION
To conclude, this study shows that for the pCASL scanning sequence on a 3T Philips Intera 

scanner, an average 3.7 dB acoustic noise reduction can be achieved over all positions, with an 

average reduction of 6.5 dB at the approximate location of the ear, by adjusting the labeling 

interval to 1.4 ms (714 Hz labeling frequency) while preserving image quality. Simulations 

indicate that the decrease in pitch should result in an additional 1.7 dB reduction in noise 

perception at the location of the ear, though these were not confirmed by measurements. The 

adjustment of labeling interval is a relatively easy procedure that can be performed in most 

institutions and replicated for a wide variety of scanner models, to ensure a more patient and 

operator friendly scanning experience.
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