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Abstract 

 

Object The current study assesses the multi-center feasibility of pharmacological arterial spin labeling 

(ASL) by comparing a caffeine-induced relative cerebral blood flow decrease (%CBF↓) measured with 

two pseudo-continuous ASL sequences as provided by two major vendors. 

Material and Methods Twenty-two healthy volunteers were scanned twice with both a 3D spiral (GE) and a 

2D EPI (Philips) sequence. The inter-session reproducibility was evaluated by comparisons of the mean 

and within-subject coefficient of variability (wsCV) of the %CBF↓, both for the total cerebral gray 

matter and on a voxel level. 

Results The %CBF↓ was larger when measured with the 3D spiral sequence (23.9% ± 5.9%) than when 

measured with the 2D EPI sequence (19.2% ± 5.6%) on a total gray matter level (p=0.02), and on a 

voxel level in the posterior watershed area (p<0.001). There was no difference between the gray matter 

wsCV of the 3D spiral (57.3%) and 2D EPI sequence (66.7%, p=0.3), whereas on a voxel level the 

wsCV was visibly different between the sequences. 

Conclusion The observed differences between ASL sequences of both vendors can be explained by 

differences in the employed readout modules. These differences may seriously hamper multi-center 

pharmacological ASL, which strongly encourages standardization of ASL implementations. 
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Introduction 

 

Pharmacological magnetic resonance imaging (phMRI) is increasingly used as a tool to study 

hemodynamic changes in response to a pharmaceutical substance 1. Cerebral blood flow (CBF) as a 

marker of drug effects has potential use at various stages of human drug research and may even enable 

to monitor or predict therapeutic efficacy 2, 3. 

 

Arterial spin labeling (ASL) is an attractive MRI perfusion modality that exhibits several advantages 

compared to modalities that have previously been used to study pharmacological effects on the brain 4. 

The use of blood as an endogenous perfusion tracer renders ASL non-invasive, making it preferable to 

modalities based on exogenous tracers such as positron emission tomography (PET) 5. Because ASL is 

based on a subtraction method, scanner signal drift is cancelled out, which renders ASL preferable to 

blood-oxygen-level-dependent (BOLD) pharmacological MRI for the study of longitudinal changes 4. 

Moreover, ASL enables absolute CBF quantification as compared to the complex contrast provided by 

BOLD. This exact quantification is a key advantage of ASL for the assessment of drug effects on CBF 

during both resting and task activation states 4. 

 

Through several methodological advances, ASL perfusion MRI has matured to the point where it can 

provide whole brain perfusion images in only a few minutes of scanning 6. The reproducibility of 

baseline measurements has been thoroughly assessed and initial pharmacological ASL (phASL) results 

are promising 7-10. Therefore, the initiation of large-scale multi-center pharmacological ASL (phASL) 

trials is the next step to extend our understanding of the effects of drugs on cerebral hemodynamics 4. 

 

One main obstacle that may impede multi-center studies, is that fundamental differences exist between 

ASL implementations of different vendors 11-13. It is currently unknown to what extent these differences 

limit the interpretation and/or power of phASL. Therefore, we performed a multi-vendor 

reproducibility study in which we employed caffeine as a pharmacological challenge, of which the 

baseline results have been reported elsewhere 13. 

 

Caffeine is an adenosine antagonist that not only acts as a neuro-stimulant (adenosine A1) but is also a 

strong vasoconstrictor (adenosine A2), reducing CBF by 13‒30% 14, 15. Furthermore, caffeine is one of 

the most socially accepted and widely consumed neuro-stimulants in the world, which facilitates its use 
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in explorative studies in healthy volunteers 16, 17. For these reasons, caffeine has been the research topic 

in many pharmacological MRI studies and can be considered a first choice challenge to gain knowledge 

and experience with phASL 4. 

 

The current study assesses the inter-session reproducibility of a caffeine-induced CBF decrease as 

measured with pseudo-continuous ASL (pCASL) and compares this reproducibility between the 

different pCASL sequences of two MRI vendors. The mean and variation of the CBF decrease are 

compared on a total GM level and on a voxel level, to compare the reproducibility of phASL between 

the sequences on a global and on a spatial level. In addition, the obtained reproducibility measures are 

employed in a sample size calculation to illustrate their implications for future phASL studies. 

 

 

Materials and Methods 

Subject recruitment 

Twenty-two healthy volunteers (9 men, 13 women, mean age 22.6 ± 2.1 years standard deviation (SD)) 

were included. All subjects provided written informed consent and the study was approved by the 

institutional review boards of both centers. In addition to standard MRI exclusion criteria, subjects with 

a history of neurologic or psychiatric disease or the use of prescription medication (except for oral 

contraceptives) were excluded. No consumption of vasoactive substances such as alcohol, cigarettes, 

coffee, licorice and tea was allowed on the scan days. On the day prior to the examination, alcohol and 

nicotine consumption was restricted to three units and cigarettes respectively.  

 

Ethical standards 

All subjects provided written informed consent and the study was approved by the institutional review 

boards of both centers. The current study has been performed in accordance with the ethical standards 

laid down in the 1964 Declaration of Helsinki and its later amendments. 

 

 

Study design 

Figure 1 provides a schematic overview of the study design. All subjects were scanned twice at two 

academic medical centers in the Netherlands. MRI experiments were performed at center 1 on a 3T GE 

scanner (Discovery MR750, GE Healthcare, Milwaukee, WI, US) and at center 2 on a 3T Philips scanner 
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(Intera, Philips Healthcare, Best, the Netherlands), both equipped with an 8‒channel head coil (InVivo, 

Gainesville, Fl, US), in random order to avoid order effects. The inter-session time interval was kept at 

1‒4 weeks. pCASL scans were performed before and 30 minutes after the oral intake of four 50 mg 

caffeine tablets , from a single preparation batch from a single supplier (Fagron, Capelle aan den IJssel, 

The Netherlands). This resulted in an average administrated dose of 2.9 ± 0.4 mg/kg at an average 

subject weight of 69.2 ± 9.6 kg. For the intake of caffeine, subjects were removed from the scanner 

gantry, remained seated on the scanner couch and were returned in the scanner gantry after which 

localizer and reference scans were repeated. Care was taken to keep the head position in relation to the 

coil as identical as possible. Foam padding was used to restrict head motion during scanning. 

 

 

 
Figure 1. A schematic view of the study design. ASL = arterial spin labeling, caf = caffeine, Δ = inter-

session time difference. 

 
 
Acquisition 

Each scan session included a pCASL and a 1 mm3 isotropic 3D T1-weighted scan for segmentation, 

registration and normalization purposes. On both scanners we employed the standard clinical pCASL 

protocols as provided by the vendors, which are currently used in clinical research 18, 19. Table 1 

summarizes the similarities and differences between the two pCASL protocols. The main difference 
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between the pCASL sequences implemented by GE and Philips is the readout module: multi-shot spiral 

3D fast spin-echo versus single-shot 2D gradient-echo echo-planar imaging (EPI) respectively.  

 

 3D spiral sequence 2D EPI sequence 

Labeling module pseudo-continuous pseudo-continuous 

Labeling pulse shape Hanning Hanning 

Labeling pulse duration 0.5 ms 0.5 ms 

Labeling pulse flip angle 23° 18° 

Mean gradient strength 0.7 mT/m 0.6 mT/m 

Maximal gradient strength 7 mT/m 6 mT/m 

Labeling duration 1450 ms 1650 ms 

Post-labeling delay (PLD) (initial) 1525 ms 1525 ms 

PLD increase per slice n.a. 28.3 ms 

PLD (average) 1525 ms 1770 ms 

Labeling plane planning Fixed 22 mm below lower edge 89 mm below, parallel to AC-PC 

line 

Labeling plane distance* 72 mm 89 mm 

Readout module 3D fast spin-echo interleaved  

stack-of-spirals 

2D gradient-echo single-shot echo-

planar imaging 

  SENSE 2.5, CLEAR 

Acquisition matrix 8 spirals x 512 sampling points 80 x 80 

Field of view 24 cm3 24 cm2 

Number of slices 36 17 

Slice thickness 4 mm 7 mm 

Acquisition voxel size (volume) 3.8 x 3.8 x 4 mm (57.8 mm3) 3.0 x 3.0 x 7.0 mm (63 mm3) 

Reconstruction voxel size 1.9 x 1.9 x 4.0 mm 3.0 x 3.0 x 7.0 mm 

Slice gap n.a. 0 mm 

Echo time/repetition time 10.5/4600 ms 17/4000 ms 

Number of signal averages 3 33 

Readout planning True axial, lower edge fixed at lower 

boundary pons 

Parallel to AC-PC line 

Background suppression (n pulses) yes (5) yes (2) 

Vascular crushing no no 

Acquisition duration 4:29 min 4:33 min 

Table 1 Acquisition protocols. *Labeling plane distance represents distance from the anterior commissure-posterior 

commissure (ACPC) line  in the head-feet direction 21. n.a. = not applicable 
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CBF quantification 

Matlab 7.12.0 (MathWorks, MA, USA) and Statistical Parametric Mapping (SPM) 8 (Wellcome Trust 

Center for Neuroimaging, University College London, UK) were used for post-processing and statistical 

analyses. For the 2D EPI data, label and control pCASL images were pair-wise subtracted and averaged 

to obtain perfusion-weighted images. For the 3D spiral data, the perfusion-weighted images as directly 

provided by the scanner were used. Since the 3D spiral data did not incorporate motion correction, this 

was also not applied to the 2D EPI data. The quantification of CBF from the acquired perfusion-

weighted scans was based on a single compartment model 6: 
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where ΔM represents the difference images between control and label and M0a the equilibrium 

magnetization of arterial blood. PLD is the post-label delay (1.525 s), T1a is the longitudinal relaxation 

time of arterial blood (1.650 s), α is the labeling efficiency (0.8), where α inv corrects for the decrease in 

labeling efficiency due to the 5 and 2 background suppression pulses for the 3D spiral (0.75) and the 2D 

EPI sequence (0.83) respectively and τ represents the labeling duration (1.450 s and 1.650 s for 3D spiral 

and 2D EPI respectively) 20-22. The inferior-superior increase in post-label delay in the 2D EPI multi-slice 

data was accounted for. GE has, but Philips has not, implemented a standard M0-acquisition where 

proton density (PD) maps are obtained with a saturation recovery acquisition using readout parameters 

identical to the ASL readout. These maps were converted to M0a by the following equation: 
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where tsat is the saturation recovery time (2 s), T1GM is the relaxation time of gray matter (GM) tissue (1.2 

s) and λGM is the GM brain-blood water partition coefficient (0.9 mL/g) 23, 24. For the 2D EPI data, a 

single M0a-value was used for all subjects. This value was obtained in a previous study within the same 

center, with the same scanner, head coil, pCASL protocol and a similar population (n=16, 56% M, age 

20‒24 years), by fitting cerebrospinal fluid T1 recovery curves on the control images of multiple time-

point pCASL measurements 25. M0 was converted to M0a by multiplication with the blood water 

65 

 



Reproducibility of phASL using sequences from different vendors 
 

 

Chapter 3 

partition coefficient (0.76), the density of brain tissue (1.05 g/mL) and by correction for the transversal 

magnetization decay time (T2*) of arterial blood (48 ms) during the 17 ms echo time (TE) by eTE/T2* 24, 26, 

27. 

 

Spatial normalization 

A single 3D T1-weighted anatomical scan from each scanner for each subject (n=44) was segmented 

into GM and white matter tissue probability maps. All CBF maps were transformed into anatomical 

space by a rigid-body registration to the GM tissue probability maps. The tissue probability maps were 

spatially normalized using the Diffeomorphic Anatomical Registration analysis using Exponentiated Lie 

algebra (DARTEL) algorithm 28. The resulting normalization fields were then applied to the CBF maps 

as well.  

 

Statistics 

Reproducibility parameters 

The inter-session intra-vendor reproducibility was evaluated by a comparison of the relative CBF 

decrease (%CBF↓) of session 1 with %CBF↓ of session 2 (n=22). %CBF↓ was defined as: 

 

      
pre

postpre

CBF
CBFCBF

CBF
−

↓= %100%       [3] 

 

where CBFpre and CBFpost represent the CBF maps acquired before and 30 minutes after caffeine intake 

respectively. Reproducibility analyses were based on the mean %CBF↓ of the sessions (i.e. the measured 

phASL effect), and on the standard deviation (SD) of the inter-session difference (Δ%CBF↓) in %CBF↓ 

(SDΔ%CBF↓, i.e. the variation of the phASL effect). The within-subject coefficient of variability (wsCV), a 

normalized parameter of variation, was defined as the ratio of SDΔ%CBF↓ to the mean %CBF↓  of both 

sessions.  

 

Total cerebral GM 

To assess global differences in the phASL effect between both sequences, mean %CBF↓ was calculated 

for the total cerebral GM (tissue probability thresholded >70%), for each single session separately and 

for both sessions averaged. The %CBF↓ of each session and the differences between sessions (Δ%CBF↓) 
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were tested for normality using the Shapiro-Wilk test. A paired two-tailed Student's t-test was used to 

test whether the %CBF↓ (both sessions pooled, n=44) and whether the intra-session Δ%CBF↓ (n=22) 

differed between the sequences. The Levene's test was used to test whether there was an inter-sequence 

difference in SDΔ%CBF↓. Limits of agreement were defined as Δ%CBF↓ ± 1.96 SDΔ%CBF↓ 
29. To compare 

results with previous ASL reproducibility studies, the absolute cerebral GM CBF decrease was calculated 

as well. 

 

Spatial comparison 

To assess spatial phASL differences between both sequences, both %CBF↓- and wsCV-values were 

computed for each cerebral GM voxel. To test in which voxels the %CBF↓ was different from 0, a two-

tailed t-test was performed on the %CBF↓ maps of each session. To test in which voxels the %CBF↓ 

differed between the sequences, a two-tailed t-test was performed for both sessions pooled per vendor 

(n=44). To be sensitive for subtle differences between sequences, statistical significance was not defined 

strictly (p<0.001, not corrected for multiple comparisons). Individual histograms of the %CBF↓ maps 

(50 bins, range -30‒60%) were averaged to generate a group-level histogram of each session. Histograms  

were generated from the wsCV-maps (40 bins, range 0‒150%). Both %CBF↓ and wsCV histograms 

were generated for the total cerebral GM. To investigate the effect of differences in data smoothness 

between the 3D spiral and 2D EPI sequences, the 2D EPI data were smoothed with an anisotropic 

Gaussian kernel to achieve the same smoothness as the 3D spiral data. Data smoothness was estimated 

with SPM according to a previously described method 30. %CBF↓ and wsCV maps and histograms were 

also generated from these smoothed 2D EPI data. 

 

Sample size calculation for future studies 

The cerebral GM SDΔ%CBF↓ from the data of both vendors were used to calculate the required sample 

size (n) for future phASL studies. Calculations were performed for a within-subject cross-over 

experimental design with a desired effect size of 15%. This effect size was chosen in a previous study 

that determined the sample size for ASL baseline studies 31. Two sample sizes were calculated, to detect 

1) a 15% CBF decrease caused by caffeine and 2) a 15% change in the caffeine-induced %CBF↓. A study 

design example where the second calculation would be applicable, is to test whether a caffeine-induced 

%CBF↓ changes if the measurement is repeated with a different condition (e.g. with a different drug 
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dose). For a one-tailed t-test in which we have a hypothesis about the direction of the CBF change (CBF 

is expected to decrease with caffeine) the following equation applies: 
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where Z1-α/2 is the Z-value related to the significance level (p<0.05), Z1-β the Z-value corresponding to 

the detection power (80%) and SDΔ%CBF↓ is used for the SD in the sample size calculation of a within-

subject design 31. 15% of the mean baseline CBF and 15% of the mean %CBF↓ from both vendors were 

used as effect size for the first and second sample size calculation respectively. 

 

 

Results 

Total GM 

The inter-session statistics are summarized in Table 2 and visualized in Bland-Altman plots in Figure 2. 

For both vendors, the %CBF↓ of both sessions and the inter-session Δ%CBF↓ were normally distributed 

according to the Shapiro-Wilk test. The mean %CBF↓ measured with 3D spiral was larger than the mean 

%CBF↓ measured with 2D EPI (p=0.02). The Δ%CBF↓ (p=0.3) and SDΔ%CBF↓ (p=0.3) did not differ 

between both vendors, resulting in similar wsCVs (57.3% and 66.7% for 3D spiral and 2D EPI 

respectively).  

 

The mean absolute CBF decrease was 15.9 ± 5.1 and 13.1 ± 6.5 mL/100g/min for the 3D spiral and 2D 

EPI data respectively. The SD of the inter-session difference of the absolute CBF decrease was 9.5 and 

8.7 mL/100g/min for the 3D spiral and 2D EPI data respectively. 
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 3D spiral 

 

CI 

(n=22) 

2D EPI 

 

CI 

(n=22) 

%CBF↓ session 1 (%)   *  21.4 -0.8 ··   43.6        18.8 3.4 ··   34.2 

%CBF↓ session 2 (%)  *  26.4 11.1 ··   41.8        19.6 -1.0 ··   40.2 

Mean %CBF↓ (%)  *  23.9 10.3 ··   37.5        19.2 6.0 ··   32.4 

Δ%CBF↓ (%)        5.0 -1.1  ··   11.1          0.8 -4.9  ··     6.4 

SDΔ%CBF↓ (%)      13.7 9.3 ··   18.1        12.8 8.7 ··   16.9 

Lower LOA (%)     -21.8 -29.3 ·· -14.3     - 24.4 -31.4 ·· -17.3 

Upper LOA (%)      31.9 24.4  ··   39.4       25.9 18.9 ··   32.9 

wsCV (%)      57.3 51.9 ··   62.7       66.7 61.7 ··   71.8 

Table 2. Inter-session statistics. Inter-session statistics for the total cerebral gray matter, as illustrated in 

the Bland-Altman plots in Figure 2. Values represent mean and difference of mean %CBF↓ of both 

sessions respectively. %CBF↓= relative cerebral blood flow decrease, wsCV = within-subject coefficient 

of variability. Asterisk (*) denotes significant (p<0.05) difference between sequences. The limits of 

agreement (LOA) represent Δ%CBF↓ ±1.96 standard deviation of the paired inter-session difference 

(SDΔ%CBF↓). 

 

 

 
Figure 2. a‒b Bland Altman plots of inter-session statistics, as summarized in Table 2. Total cerebral 

gray matter (GM) inter-session differences in relative cerebral blood flow decrease (Δ%CBF↓) are plotted 
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against the mean GM %CBF↓ for the a) 3D spiral (n=22) and b) 2D EPI sequence (n=22). Dotted lines 

indicate limits of agreement (mean difference ± 1.96 standard deviation).  

 

Spatial comparison 

Figures 3 and 4 illustrate the spatial distribution of the caffeine-induced statistically significant %CBF↓ 

and wsCV respectively. The significant caffeine-induced %CBF↓ was higher for the 3D spiral sequence 

than for the 2D EPI sequence on visual comparison, especially in the posterior watershed region (Figure 

3a and 3d). The wsCV-maps showed a homogeneous distribution for the 3D spiral data but 

heterogeneous for the 2D EPI data, which approached the homogeneity of the 3D spiral data after 

additional smoothing. The shapes of the %CBF↓ histograms of 3D spiral session 1 and both 2D EPI 

sessions were similar, although 3D spiral session 1 had a higher peak location (Figure 3e). The peak 

location of the histogram of 3D spiral session 2 was comparable to 3D spiral session 1, but the 

distribution was narrower. The wsCV histogram of 3D spiral had a lower peak location and a narrower 

distribution compared to the 2D EPI wsCV histogram (Figure 4d). After additional smoothing, the 2D 

EPI wsCV histogram approached the 3D spiral wsCV histogram. 
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Figure 3. Parametric maps showing voxels with significant cerebral blood flow (CBF) decrease 

(%CBF↓, p<0.001 uncorrected) for the 3D spiral (a) and 2D EPI sequences (b), as well as for the 

additionally smoothed 2D EPI data (c). There were no voxels showing a significant CBF increase. d) 

Parametric maps depicting voxels with significant inter-sequence %CBF↓ differences (p<0.001 

uncorrected). All maps are projected on gray matter probability maps. On the right (e), mean individual 

histograms of the %CBF↓ are shown for all sessions. 

 

 
Figure 4. Within-subject coefficient of variation (wsCV)-maps of a) 3D spiral and b) 2D EPI sequences. 

c) Here, the same 2D EPI wsCV maps are shown after smoothing them to the smoothness of the 3D 

spiral maps. d) wsCV histograms are shown on the right. 
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Sample size calculation for future studies 

To detect a caffeine-induced 15% GM decrease in CBF ‒ equivalent to 9.9 mL/100g/min for both 

vendors ‒ the calculated sample sizes were n=7 and n=6 for 3D spiral and 2D EPI measurements 

respectively 13. To detect a 15% change of caffeine-induced GM %CBF↓ (15% * 23.9% = 3.6% (3D 

spiral) and 15% * 19.2% = 2.9% (2D EPI)) the calculated sample sizes were n=115 and n=155 for 3D 

spiral and 2D EPI respectively. 

 

 

Discussion 

The main results of this study were threefold: 1) the mean but not the variation of the global %CBF↓ 

differed between the pCASL sequences of both vendors, 2) both the mean and variation of %CBF↓ 

spatially differed between the sequences, and 3) the sample size for future studies was much larger to 

detect a change in the caffeine effect than to detect whether there is a caffeine effect. 

 

It has previously been suggested that the inter-session variation of ASL measurements is dominated by 

the physiological variability of baseline CBF 32. For the measurement of caffeine-induced %CBF↓, 

different or additional sources of physiological variability can be expected, including those related to the 

absorption of caffeine from the gastrointestinal tract, as well as the pharmaco-kinetics and cardiovascular 

effects of caffeine 16, 33, 34. Nevertheless, the inter-session variation of the caffeine-induced CBF change 

was not much larger than the previously reported baseline CBF variation of the current study, or than 

baseline CBF variation from previous studies 13, 32, 35. This can be attributed to the presence of co-

variance between baseline and post-caffeine CBF measurements, which may have decreased the 

influence of baseline CBF variability on the %CBF↓ variation. In addition, the normalization of the 

absolute CBF difference by the baseline CBF (equation 3) may have reduced the contribution of baseline 

CBF variability to the %CBF↓ variation even further.  

 

Whereas the baseline reproducibility of ASL has been thoroughly investigated, only one previous study 

has reported on the inter-session reproducibility of ASL for the measurement of a pharmaceutically 

induced CBF change 36. This study assessed the reproducibility of perfusion changes induced by an oral 

16 mg citalopram administration as measured with pulsed ASL. Whereas the inter-session variation was 

similar (SD 10.1 versus 9.5 [3D spiral] or 8.7 mL/100g/min [2D EPI]), the effect size of citalopram was  
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roughly 3 times as small as caffeine (mean absolute CBF change 4.4 versus 15.9 [3D spiral] or 13.1 

mL/100g/min [2D EPI]). As a result, the reproducibility of CBF changes induced by citalopram 

(expressed by wsCV) can be expected to be roughly 3 times as low as the reproducibility of caffeine-

induced CBF changes. This comparison shows that pharmaceuticals with a specific affinity, such as 

citalopram, have a lower effect size but not necessarily a lower inter-session variation than less specific 

pharmaceuticals, such as caffeine. This again points to the fact that the variation of phASL is dominated 

by physiological CBF fluctuations. The recently reported inter-session reproducibility of ASL for a CO2 

inhalation challenge supports this point, since the baseline and hypercapnia wsCV were equal (12.8% 

versus 12.7% respectively) 25.  

 

Surprisingly, we found a significant difference in total GM effect size between sequences, whereas our 

previous baseline results showed perfect agreement 13. One explanation for this difference in the phASL 

effect size could be the confounding effect of transit times on the measurement of CBF. A caffeine-

induced vaso-constriction is not only expected to result in a decrease in CBF, but also in an increase in 

arterial transit time 37. Therefore, the post-caffeine transit time can be expected to be  longer than the 

pre-caffeine transit time, which could have led to a post-caffeine CBF underestimation and subsequently 

a %CBF↓ overestimation. This confounding effect will be larger for a shorter PLD and will be most 

pronounced in the brain region with the longest transit times, which is the posterior watershed area 38. 

Although the same initial PLD was applied for both sequences (1525 ms), the effective PLD is longer 

for superior slices in the 2D EPI readout. The sequential multi-slice 2D EPI readout results in an infero-

superior increase of the effective PLD as compared to the homogeneous PLD of a single time-point 3D 

spiral readout. Therefore, with the same initial PLD applied, the 2D EPI readout will be less sensitive to 

the confounding effect of prolonged transit times on the measurement of %CBF↓. This can explain the 

inter-sequence difference in effect size, both globally as well as in the posterior watershed area. In 

addition, the higher sensitivity of the 3D spiral readout for transit times may have increased the variation 

of the 3D spiral data. This is not supported by the homogeneous 3D spiral wsCV-maps. However, any 

larger variation in the superior regions could be masked by the high degree of smoothing in the Z-

direction of the 3D spiral readout. These sequence differences in CBF and in wsCV in superior regions 

with long transit times are probably resolved by selecting a longer PLD for the 3D spiral readout, such 

as 2000 ms 6.  
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There was a large difference between the calculated sample sizes to either 1) detect the effect of phASL 

or to 2) detect a change in the effect of phASL. Whereas the first was comparable with baseline sample 

size recommendations to detect a 15% GM CBF change (n=4), the second was much larger 31. It is 

worth noting that the sample size calculation is quadratically dependent on the ratio of the variation to 

the effect size (equation 4). For the first sample size, the inter-session variation of caffeine-induced CBF 

changes was not much larger than baseline, and the effect size is the same as for baseline sample size 

calculations ‒ i.e. 15% of the mean baseline CBF. For the second sample size, however, the inter-session 

variation is the same but the effect size is one fifth of baseline sample size calculations ‒ i.e. 15% of the 

%CBF↓. This shows that the number of subjects required to detect the effect of a pharmaceutical on 

CBF, does not necessarily have to be large. However, to detect changes of the phASL effect size, 

statistical power seems mainly limited by a relatively small effect size of phASL. One important example 

in which changes of phASL effect size are of interest, is the investigation of a drug dose response 39.  

 

It should be acknowledged that our study design choice - comparing two different ASL product 

sequences on two different vendors - is both a major strength and major weakness of this study. The 

major strength is that it represents the current status of multi-center phASL: each center will most likely 

use the ASL product sequence with its optimal settings as implemented on their MRI system. However, 

this design choice limits the ability to differentiate to what extent the observed differences were caused 

by differences in ASL readout and the corresponding sequence parameters, by MRI hardware or site 

effects. Fortunately, we were able to compare our results with previous studies that isolated the effects 

of different labeling or readout strategies on a single vendor 11, 32.  

 

The observation that the variation of phASL was comparable between sequences on a total GM level 

but not on a voxel level is in agreement with our baseline results 13. However, when identical sequences 

are implemented, the voxel level variation of ASL is comparable between vendors 12. This strongly 

suggests that the spatial phASL variability differences between vendors can be mainly explained by 

sequence differences and much less by hardware or site effects. A 3D spiral readout has a higher SNR 

and a higher degree of spatial smoothing than a 2D EPI readout 11. Both are expected to have decreased 

the spatial variation as observed in the 3D spiral data. This is supported by Figure 3 and 4, showing that 

it is possible to approach the voxel level effect size and variability of 3D spiral by additionally smoothing 

the 2D EPI data. 
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One previous study compared voxel-wise group-level activation after a sensory-motor task between a 

3D spiral and 2D EPI readout on a single scanner, with and without the addition of background 

suppression to the 3D spiral sequence 11. With background suppression, the 3D spiral readout showed 

much larger areas of activation compared to the 2D EPI readout, which is in agreement with our results. 

Without background suppression, however, the performance of both readouts was not very different. 

This suggests that the residual differences between the wsCV histograms of the 3D spiral and smoothed 

2D EPI data can be mainly explained by differences in background suppression efficiency between the 

3D and 2D readout 22. Another factor that may have contributed to the smaller variation of the 3D spiral 

data compared to the 2D EPI data is the higher SNR resulting from the shorter TE of the 3D spiral 

sequence compared to the 2D EPI sequence.  

 

The positioning of the label plane differed between both sequences (Table 1). Whereas it is common 

practice for the Philips 2D EPI sequence to plan the labeling plane parallel to, and 9 cm lower than, the 

anterior commissure-posterior commissure-line (ACPC), the GE 3D spiral sequence has a fixed labeling 

plane, which is closer to the brain. This may have decreased the transit times for the 3D spiral sequence, 

although it has been previously shown that signal intensity differences are small when the labeling plane 

distance is varied between 74-94 mm 21. Another difference between the standard implementation of 

both sequences was the labeling duration (1450 ms versus 1650 ms at 3D spiral and 2D EPI 

respectively). This 13% longer bolus may have added SNR for the 2D EPI sequence, which may have 

slightly counterbalanced the large SNR difference due to the intrinsic SNR difference between 2D and 

3D and the higher efficiency of background suppression for the 3D spiral sequence. 

 

The differences in M0 acquisitions between the vendors could potentially have a effect on the 

quantification of CBF. However, any M0 quantification differences between sequences will most likely 

be similar for the pre- and post-caffeine scans and will not contribute to the differences in %CBF↓ 

between the 3D spiral and 2D EPI sequences. 

 

 

Conclusion 

Using the current clinical ASL product sequences, only the inter-session variation of the phASL total 

GM effect size can be compared. The mean total GM effect size, as well as the spatial mean and 
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variation of the phASL effect size differed between the sequences. This may seriously impede multi-

center phASL studies, especially in cases with locally restricted effects. These sequence differences 

strongly encourage the standardization of ASL implementations. 
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