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Abstract

Calibrated fMRI techniques estimate task-induced changes in the cerebral metabolic rate of 

oxygen (CMRO2) based on simultaneous measurements of cerebral blood flow (CBF) and blood-

oxygen- level-dependent (BOLD) signal changes evoked by stimulation. To determine the 

calibration factor M (corresponding to the maximum possible BOLD signal increase), BOLD 

signal and CBF are measured in response to a gas breathing challenge (usually CO2 or O2). Here 

we describe an ASL dual-acquisition sequence that combines a background-suppressed 3D-

GRASE readout with 2D multi-slice EPI. The concatenation of these two imaging sequences 

allowed separate optimization of the acquisition for CBF and BOLD data. The dual-acquisition 

sequence was validated by comparison to an ASL sequence with a dual-echo EPI readout, using a 

visual fMRI paradigm. Results showed a 3-fold increase in temporal signal-to-noise ratio (tSNR) 

of the ASL time-series data while BOLD tSNR was similar to that obtained with the dual-echo 

sequence. The longer TR of the proposed dual-acquisition sequence, however, resulted in slightly 

lower T-scores (by 30%) in the BOLD activation maps. Further, the potential of the dual-

acquisition sequence for M-mapping on the basis of a hypercapnia gas breathing challenge and for 

quantification of CMRO2 changes in response to a motor activation task was assessed. In five 

subjects, an average gray matter M-value of 8.71±1.03 and fractional changes of CMRO2 of 

12.5±5% were found. The new sequence remedies the deficiencies of prior combined BOLD-ASL 

acquisition strategies by substantially enhancing perfusion tSNR, which is essential for accurate 

BOLD calibration.
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1. INTRODUCTION

Functional MRI (fMRI) based on blood oxygen level dependent (BOLD) contrast offers an 

indirect measurement of neural activity changes. BOLD contrast originates from the increase 

in blood water effective transverse relaxation time, T2*, induced by a decrease in the 

concentration of deoxyhemoglobin (dHb) in the venous vasculature during neural activation. 

This decrease in dHb concentration ([dHb]) arises from a local increase in cerebral blood 

flow (CBF), which overcompensates the rise in the cerebral metabolic rate of oxygen 

consumption (CMRO2) (McIntyre, et al., 2003). Thus, BOLD contrast is a complex function 

of the underlying changes in several physiological parameters. Moreover, the amplitude of 

the BOLD response depends as well on [dHb], the concentration of deoxyhemoglobin in the 

voxel during the baseline state, which is determined by hematocrit, oxygen extraction 

fraction and cerebral blood volume (CBV) (Blockley, et al., 2013). The interplay of these 

different variables, which cannot be derived from a simple fMRI experiment, precludes 

quantitative interpretation of BOLD signal changes.

Calibrated fMRI, proposed by Davis et al. in 1998, offers a quantitative alternative to BOLD 

by permitting computation of CMRO2 changes, a direct consequence of the energy 

expenditure associated to brain activation (Davis, et al., 1998). The Davis model relates 

BOLD signal changes evoked by stimulation to CMRO2 and CBF, via the following 

expression:

[1]

where the subscript 0 indicates the baseline state, α characterizes the power law relationship 

between CBV and CBF (Grubb, et al., 1974), β defines the supralinear effect of [dHb] on 

T2* changes and M is the BOLD calibration factor, given by:

[2]

where TE is the echo time, A is a scaling factor that depends on several parameters including 

vessel geometry, magnetic field strength and the susceptibility difference between blood and 

tissue and the subscript V0 refers to the venous blood compartment during baseline.

Calibrated fMRI techniques require measurement of CBF changes, directly obtainable using 

arterial spin labeling (ASL) perfusion MRI, and BOLD changes, combined with a 

calibration experiment aimed at estimating the baseline condition. The calibration factor M, 

corresponding to the maximum possible BOLD signal increase (i.e. the signal increase that 

could be achieved with complete washout of dHb induced by a CBF increase without 

associated metabolic changes), is estimated using blood gas manipulation techniques, most 

often involving CO2 or O2 gas mixture breathing. Assuming that hypercapnic gas mixture 
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breathing does not induce changes in CMRO2 (Jain, et al., 2011), M can be quantified from 

the measurement of BOLD and CBF changes relative to baseline, via the following 

expression:

[3]

However, this measurement is highly sensitive to ASL noise, due to the large exponent on 

the relative CBF changes present in the equation.

ASL is intrinsically a low signal-to-noise (SNR) technique due to the small fraction of 

arterial blood to tissue in the human brain (1–2%) (Liu and Brown, 2007) and to the 

relatively rapid decay rate of the label via T1 relaxation during the arterial transit time. 

Furthermore, the ASL time series contains fluctuations from thermal and physiological noise 

sources. At high field strength and for the large voxel sizes typically necessary in ASL 

acquisitions, the contribution of physiological noise dominates the temporal SNR (tSNR) of 

the ASL time series. Background suppression (BS) of the static tissue signal is an effective 

technique to reduce motion artifacts and physiological noise (which scales with signal 

strength) and thus it has been shown to greatly improve the sensitivity of ASL (Garcia, et al., 

2005; Ye, et al., 2000; Vidorreta, et al., 2013). BS is implemented by introducing several 

inversion pulses applied during the post-labeling delay, timed to achieve a target signal 

suppression level at the time of signal readout. Thus BS is optimally combined with 3D 

acquisitions because the entire imaging volume is excited at a single time point (Gunther, et 

al., 2005). Implementation of BS in 2D multi-slice acquisitions is hampered by the different 

slice acquisition times, which result in a variable degree of BS depending on the slice 

acquisition order.

Simultaneous CBF and BOLD data, as preferred for calibrated fMRI, can be achieved with a 

single-echo acquisition, however, in this approach both contrasts are compromised by the 

choice of TE, since for ASL the shortest possible TE should be used, while for BOLD TE 

should be on the order of T2* (around 30 ms at 3T). Thus, more recently, there has been 

focus on ASL sequences with dual-echo (DE) readouts, generally DE 2D EPI (Liu, et al., 

2002; Woolrich, et al., 2006), in which the first echo is used to obtained perfusion-weighted 

images by subtraction of label and control acquisitions, while the BOLD data is extracted 

from the second echo images. Here, background suppression is not desired as it would 

unduly attenuate the BOLD signal extracted from the second-echo images. One possible 

compromise consists of partially suppressing the static tissue signal in DE-EPI, which has 

been shown to increase the CBF sensitivity while only slightly decreasing the BOLD 

sensitivity (Ghariq, et al., 2014).

An alternative strategy to single-excitation approaches is a dual excitation sequence, 

essentially a concatenation of two imaging sequences, which has previously been proposed 

by several authors (Kastrup, et al., 2002; Schmithorst, et al., 2014; St Lawrence, et al., 2005; 

Stefanovic, et al., 2006; Wesolowski, et al., 2009). The benefit of this approach is that 

acquisition parameters can be separately optimized for each excitation. However, in all 
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previous studies 2D multislice readouts were employed for both acquisitions. Although two 

of these studies implemented BS in the ASL readouts (St Lawrence, et al., 2005; 

Wesolowski, et al., 2009), as mentioned, obtaining homogeneous BS in 2D multi-slice 

acquisitions is not possible.

The goal of this study was to design and implement an ASL dual-excitation/dual-acquisition 

sequence, henceforth referred to as dual-acquisition (DA) sequence, for simultaneous 

measurement of BOLD and CBF, by means of a background-suppressed 3D readout 

optimized for ASL, followed by a 2D EPI readout for acquisition of BOLD data, after a time 

delay to allow for signal recovery. It was hypothesized that this approach would provide 

optimal contrast-to-noise for both ASL and BOLD, thus improving the fidelity of derived 

BOLD calibration M-maps and CMRO2 mapping. The performance of the sequence was 

evaluated in comparison to an ASL sequence with DE-EPI readout in an fMRI experiment 

with a visual activation paradigm. Finally its potential for M-mapping and quantification of 

CMRO2 changes was assessed in response to a motor activation task.

2. MATERIALS AND METHODS

2.1 ASL-BOLD dual acquisition pulse sequence

The DA sequence (Fig. 1) consisted of a pseudo-continuous ASL (PCASL) module with a 

background-suppressed single-shot 3D-GRASE readout for acquisition of ASL images 

(Fernandez-Seara, et al., 2008; Gunther, et al., 2005) and multi-slice 2D-EPI for acquisition 

of BOLD images. Both readouts imaged the same volume and were separated by a delay of 

1.3s to allow for recovery of the longitudinal magnetization. For labeling the PCASL pulse 

train consisted of 1520 selective radio-frequency (RF) pulses (Hanning window, peak B1 

average = 1.8 µT, duration = 500 µs, spacing = 500 µs, G average = 1 mT/m, G maximum / 

G average = 8) with a labeling duration of 1520 ms and post-labeling delay (PLD) of 1500 

ms. For the control cycle, the RF phase was alternated between 0 and 180°. The gradient 

waveforms were identical for label and control acquisitions. The inversion plane was offset 8 

cm from the center of the imaging volume in the infero-superior direction. For BS, the 

PCASL pulse train was preceded by 4 presaturation pulses played at the start of the 

repetition time and a slice-selective Frequency Offset Corrected Inversion (FOCI) pulse 

(Ordidge, et al., 1996), and followed by two non-selective hyperbolic secant inversion 

pulses, which were played out during the PLD. The inversion times were optimized to 

suppress the static tissue signal to 10% of its equilibrium value at the start of the 3D-GRASE 

readout for a range of T1 values from 700 to 4500 ms (Vidorreta, et al., 2013).

2.2 Simulations

In order to evaluate the effect of the dual excitation on the signal intensity, the evolution of 

the longitudinal magnetization over the repetition time was simulated using analytical 

solutions of the Bloch equations for gray and white matter and CSF assuming T1 values at 

3T of 1300 ms, 800 ms and 4000 ms, respectively (Clare and Jezzard, 2001).
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2.3 Experiments

Two sets of experiments were carried out. In the first, the performance of the DA sequence 

was compared to a PCASL DE-EPI sequence during a visual stimulation paradigm. In the 

second, the DA sequence was used in combination with a gas breathing challenge to obtain 

calibration factor M-maps and subsequently task-induced CMRO2 changes during a motor 

activation paradigm.

Studies were performed on a 3T Trio TIM (Siemens AG, Erlangen, Germany) using a 32-

channel head array. All subjects signed a written informed consent, following an 

Institutional Review Board approved protocol and were instructed to remain still with eyes 

open during the scanning session. Both sets of experiments included the acquisition of T1-

weighted anatomical images obtained with an MPRAGE sequence (Mugler and Brookeman, 

1990), with the following imaging parameters: resolution = 1 mm isotropic, FOV = 

192×256×160 mm3, matrix = 192×256×160, TR/TE/TI = 1620/3.09/950 ms, flip angle = 

15°.

Data analysis was performed using SPM (Version 8, Wellcome Trust Center for 

Neuroimaging, University College London, UK) and custom scripts in MATLAB 

(Mathworks, MA, USA).

2.4 Comparison between the dual acquisition sequence and dual echo EPI

Ten healthy volunteers (mean age ± standard deviation = 23.3 ± 4.8 years, 4 females) 

participated in the study.

2.4.1. Scan protocol—Subjects were scanned with both sequences in the same scanning 

session, in counter-balanced order, during a visual stimulation paradigm described below. 

The PCASL parameters were identical for the two sequences. Both sequences imaged the 

same volume. The imaging parameters of the DA sequence were: TE (GRASE/EPI) = 28.9 / 

30 ms, TR = 6 s, FOV = 250 × 218 mm2, in-plane resolution = 4 × 4 mm2, matrix size = 64 

× 56, BW = 2790 Hz/pixel, 16 axial slices, slice thickness = 6 mm. Additional 3D GRASE 

parameters were: 16 nominal partitions with 33% oversampling, 5/8 partial Fourier, 

measured partitions = 14, gradient-echo spacing = 0.4 ms (with ramp sampling), spin-echo 

spacing = 28.9 ms, total read-out time = 420 ms. The total read-out period for the 2D EPI 

part of the sequence was 730 ms. The imaging parameters for the DE-EPI readout were: 

TE1 = 10 ms, TE2 = 30 ms, TR = 4 s, FOV = 250 × 218 mm2, in-plane resolution = 4×4 

mm2, matrix size = 64 × 56, BW = 2790 Hz/pixel, 16 axial slices, slice thickness = 6mm, 

GRAPPA acceleration factor = 2, total read-out time = 812 ms. A summary of sequence 

parameters are given in Table 1.

2.4.2. Visual stimulation paradigm—The stimulation paradigm consisted of three 

blocks of rest alternated with three blocks of visual stimulation, of 2 minutes duration per 

block. During rest, the subjects were presented with a gray cross on a white screen. The 

visual stimulus was a black and white checkerboard flashing at 8 Hz with a gray cross 

located at its center. Subjects were instructed to keep their eyes focused on the gray cross at 

all times.
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2.4.3. Data pre-processing—The four series of images (ASL and BOLD from the DA 

sequence and ASL and BOLD from the DE-EPI sequence) were separately realigned to the 

first image in the series and coregistered to the anatomical image. ASL images were sinc-

subtracted to obtain perfusion-weighted images without BOLD contamination (Aguirre, et 

al., 2002). Mean CBF maps were computed from the perfusion-weighted images acquired 

during the rest periods. Details of these calculations and their results are presented in 

Supplementary Material. The anatomical images were normalized to the Montreal 

Neurological Institute standard template brain and the resulting normalization parameters 

were used to compute normalized BOLD and perfusion-weighted images, which were re-

sliced to an isotropic voxel size of 2 mm and smoothed using a 6 mm full-width at half-

maximum isotropic Gaussian kernel.

2.4.4. Task activation data analysis—Voxel-wise analyses were carried out to identify 

voxels activated by visual stimulation. BOLD images obtained during the activation 

paradigm were entered into a general lineal model (GLM) with two conditions (rest and 

task). The model involved a regressor to account for the ASL effect (i.e. image being 

acquired during control or label conditions) and a linear drift term. A high-pass filter with a 

cutoff value of 512 s was included and serial correlations were accounted for using an 

autoregressive AR(1) model. Perfusion-weighted images were analyzed analogously, 

excluding the regressors and the temporal autocorrelation model. Contrast images 

comparing task and rest were obtained for each subject and entered into a second-level 

analysis.

For each subject, a mask was generated from the normalized BOLD images using an 

intensity threshold. A group mask was then computed as the intersection of all the individual 

subject masks and used in the second level analyses to remove out-of-brain voxels.

Activation group T-maps were obtained using a one-sample T-test and thresholded at a 

cluster level p-value of 0.05 (family-wise error corrected) after a cluster defining threshold 

of p<0.001. Two activation group maps were obtained in this manner (BOLD and perfusion) 

for each of the two datasets obtained with the DE-EPI and DA sequences.

Activated regions within each map were extracted as regions of interest (ROI) using Marsbar 

in SPM (Bret, et al., 2002). An ROI including the area of activation common to the four 

group maps was created as the intersection of the activated clusters. This ROI was used to 

extract signal time courses from each dataset and subject. To characterize the sensitivity of 

the functional data, the following parameters were extracted from these time courses: tSNR, 

relative signal change due to activation and contrast-to-noise ratio (CNR) of the signal. tSNR 

was computed as the mean of the signal during the rest periods divided by its standard 

deviation across time. The relative signal change due to activation was calculated as the 

mean of the signal during the task periods minus the mean of the signal during the rest 

periods, divided by the mean of the signal during rest. CNR was computed as the difference 

in signal between activation and rest periods divided by the averaged standard deviation (i.e. 

the average of the signal standard deviations during rest and activation). For time courses 

extracted from BOLD data, the relative signal change due to activation and CNR were 

computed after correcting the time course for baseline drift. The baseline drift was assumed 
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to be linear and it was estimated using a first-degree polynomial to fit the signal points 

acquired during rest.

The same ROI, defined to extract signal time-courses, was used to compute mean T-statistics 

for each subject and dataset. In addition, to evaluate the spatial extent of the BOLD and 

perfusion activations, individual activation maps were thresholded at T = 2.6 (p<0.005, 

uncorrected) and the number of activated voxels within the visual cortex was computed. To 

that end, a visual cortex mask was previously defined as the sum of Brodmann areas (BA) 17 

(primary visual cortex, V1), 18 (secondary visual cortex, V2) and 19 (associative visual 

cortex, V3, V4 and V5), extracted from the BA template provided with MRIcroN (Rorden, 

et al., 2007).

Statistical differences in the mean parameter values across sequences were evaluated using 

paired T-tests, applied separately to each data modality. Since 10 comparisons were 

performed, Bonferroni correction was applied to the p-values to assess significance. Finally, 

for each subject and data modality (BOLD and perfusion) the ratio of each parameter value 

obtained with the DA sequence to the same parameter value obtained with the DE-EPI 

sequence was calculated.

2.5. Estimation of CMRO2 changes during task activation

Five healthy male volunteers (age = 34 ± 6 years) participated in this experiment.

2.5.1. Scan protocol—Functional data were obtained with the DA sequence, with the 

imaging parameters described above. First, data were continuously acquired throughout a 

gas mixture breathing protocol, during which room air was delivered for 5 minutes 

(baseline), followed by 5 minutes of hypercapnia (HC) consisting of subjects breathing a 

mixture of 5% CO2 in room air, to end with 5 minutes of room air (recovery). During the 

HC period, the gas mixture was delivered using a two-way non-rebreathing T-valve (2700 

Series, Hans Rudolph, Inc., Kansas City, MO, USA) attached to a 100 L Douglas bag. The 

HC experiment was followed by one run with a motor activation paradigm of 6 min 

duration, divided into 3 blocks of bilateral finger tapping alternated with 3 rest blocks of 1 

min duration each.

2.5.2. Data pre-processing—ASL and BOLD images were separately pre-processed. 

BOLD images were realigned to the first image in the BOLD time-series and smoothed, 

using a 6-mm Gaussian kernel. ASL images were realigned to the first image in the ASL 

time-series, followed by subtraction of label and control to obtain perfusion-weighted 

images and smoothing.

T1-weighted anatomical images were segmented to generate tissue probability maps. 

Subsequently, they were coregistered to the BOLD images and resliced to match the 

resolution of the BOLD images. A gray matter mask was then generated from the 

coregistered, resliced and smoothed gray matter probability map applying a threshold of 0.3.

A whole brain mask was generated from the BOLD images applying a threshold of 0.8 of 

the maximum signal intensity. A gray matter ROI was then defined as the intersection of the 
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gray matter mask obtained from the anatomical image with this whole brain mask, to 

exclude voxels of signal void in the BOLD images.

2.5.3. Gas manipulation data analysis—BOLD images obtained during gas 

manipulation were entered into a GLM with two conditions (room air and hypercapnia), 

excluding the first minute after each transition. The model involved a regressor to account 

for the ASL effect and a linear drift term. The regression coefficients were used to compute 

signal baseline level (BOLD0) and signal change induced by HC (ΔBOLD). Perfusion-

weighted images were entered into a similar GLM without regressors to compute the 

perfusion signal at baseline and during HC and HC-induced signal change. M-maps were 

calculated via Eq. 3, with α = 0.18 (Grubb, et al., 1974) and β = 1.5 (Boxerman, et al., 

1995). The gray matter ROI previously defined was used to compute mean gray matter 

signal change (BOLD and perfusion) induced by hypercapnia and the average gray matter M 

value.

2.5.4. Task activation data analysis—BOLD images obtained during the activation 

paradigm were entered into a GLM with two conditions (rest and task) and a regressor to 

model the ASL effect. Perfusion-weighted images were analyzed analogously, excluding the 

regressor. Contrast images comparing task and rest were obtained for each subject. Activated 

regions were identified using an uncorrected p-value of 0.005. ROIs were defined in the left 

and right motor cortex (MC), including voxels that appeared active in both analyses, and 

used to extract signal time-courses. Relative CMRO2 maps were computed via Eq. 1.

3. RESULTS

3.1. Simulations

Fig. 2 shows the evolution of Mz (the longitudinal component of the magnetization vector) 

over the TR of the DA sequence, obtained by simulations. The timings of the BS pulses have 

been optimized to suppress the static tissue signal to 10% of its original value at the start of 

the 3D GRASE readout, as shown in the graph. The magnetization then relaxes towards its 

equilibrium value during the 1.3 s delay between the two readouts. During the 2D EPI 

readout, the gray matter Mz (blue line) will vary from 0.63 to 0.79 of its equilibrium value at 

the time of imaging for each slice, depending on slice position.

3.2. Comparison between the dual acquisition sequence and dual echo EPI

Whole-brain mean CBF values measured during rest with the DE-EPI and DA sequences 

were identical (details are included in Supplementary Material).

Fig. 3a shows the areas activated by visual stimulation obtained from the four datasets 

acquired in a representative subject. Fig. 3b illustrates the corresponding signal time-courses 

extracted from the group maps intersection ROI, as described in the methods section. Table 

2a lists the signal parameters measured for each sequence and data modality. Table 2b shows 

the ratio of signal parameters between sequences for each data modality.

tSNR of the perfusion signal was significantly higher by a factor of 3 in the DA sequence 

compared to the DE-EPI sequence. However, the signal change due to activation was 
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significantly lower by 32%. As a result, the CNR was greater by 75% in the DA acquisition 

sequence. For the BOLD data, tSNR, signal change due to activation and CNR were slightly 

lower in the DA compared to the DE-EPI sequence, although the differences were not 

statistically significant. Similarly, perfusion mean T-scores were significantly higher by 65% 

in the DA sequence compared to the DE-EPI sequence, while BOLD mean T-scores were 

significantly lower by 27%. In addition the DA sequence also affected the spatial sensitivity 

of the BOLD and perfusion activations. On average, the individual areas of activation 

(thresholded at T=2.6, p<0.005 uncorrected) were significantly larger by a factor of 5 for 

perfusion data but were smaller by a factor of 1.2 for BOLD data (not significant), in 

comparison to the DE-EPI sequence. In summary, the DA sequence yielded significantly 

greater ASL tSNR, CNR, T-scores and spatial sensitivity, with only modest and mostly non-

significant reductions in corresponding BOLD activation values.

3.3. Estimation of CMRO2 changes during task activation

Fig. 4 shows the signal difference images and M-map, computed from the gas manipulation 

data, in a representative subject. BOLD and perfusion signal changes induced by 

hypercapnia in gray matter and M values are shown in Table 3. Fig. 5 (a–c) shows maps of 

signal change induced by bilateral finger tapping, revealing bilateral activation of the motor 

cortex (MC). Relative CMRO2 time-courses in the activated regions are shown in Fig. 5d. 

Individual and group-averaged calibrated fMRI parameters, including mean M values for the 

left and right MC ROIs, as well as task-evoked signal changes are given in Table 3. Mean 

evoked CMRO2 estimates found were 12 and 13 % for left and right MC, respectively. 

Assuming a resting state value for gray matter CMRO2 of 146 µmol/100g/min (Bulte, et al., 

2012), the observed fractional changes would correspond to absolute changes of 17 and 19 

µmol O2/100g/min.

4. DISCUSSION

In this work an improved method for simultaneous acquisition of CBF and BOLD data is 

presented for calibrated BOLD fMRI (Davis, et al., 1998). Calibration parameter maps have 

been obtained on the basis of a hypercapnia gas breathing challenge and used to estimate 

CMRO2 changes induced by motor activation.

Currently, most works focusing on simultaneous acquisition of CBF and BOLD data for 

BOLD calibration employ an ASL sequence with dual-echo readout, in which the first echo 

is used to obtained perfusion-weighted images while the BOLD data is extracted from the 

second-echo images of longer TE (on the order of T2*) as a means to maximize BOLD 

contrast. Acquiring two echoes with the appropriate TEs is facilitated by the use of parallel 

imaging (GRAPPA or SENSE), or by using partial Fourier acquisitions, with both 

approaches entailing a signal-to-noise penalty. In distinction, in the present work ASL and 

BOLD data are collected from separate, successively applied excitations (referred to as dual-

acquisition, DA). The benefit of this approach is that acquisition parameters can be 

separately optimized for each type of data modality. ASL data is acquired using a 

background-suppressed 3D-GRASE readout and BOLD data as a 2D EPI readout with 

appropriate TE, after a time delay to allow for recovery of the longitudinal magnetization.
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The DA sequence was compared to a DE-EPI sequence with the same PCASL module. 

Results show a significant improvement in the tSNR (×3) of the perfusion time series (as 

illustrated in Fig. 3b). The higher tSNR is due to the effect of background suppression, 

which reduces physiological noise and motion artifacts. These findings are in excellent 

agreement with previous reports (Vidorreta, et al., 2013). In contrast, the perfusion signal 

change due to activation relative to baseline was somewhat lower (×0.68). The latter may be 

due to greater partial volume effects in the 3D GRASE images, relative to 2D EPI, resulting 

from point-spread function blurring in the slice-encoding direction, caused by T2 decay of 

the signal during the single-shot readout (of 420 ms duration). This effect has been shown to 

reduce the gray-to-white matter CNR of the perfusion-weighted images (Fernandez-Seara, et 

al., 2005; Gunther, et al., 2005; Vidorreta, et al., 2013) and it could affect the spatial 

specificity of the perfusion activation clusters. As a result, the perfusion time series CNR 

increase (×1.75) was lower than the tSNR increase. In spite of this, activation maps obtained 

from the perfusion data yielded higher mean T-scores (×1.68) and greater number of 

activated voxels for a set significance threshold (×5.68). The increased size of the activated 

clusters obtained with the DA acquisition sequence could be partly due to partial volume 

effects in the 3D GRASE images, although these clusters are still smaller than those 

obtained from the BOLD data and therefore they are likely to reflect truly activated area.

In our implementation, the duration of the single-shot 3D GRASE readout was reduced by 

means of partial Fourier sampling in the slice-encoding direction. We note that the scan 

could be accelerated further by using parallel imaging techniques (thereby shortening the 

echo-train duration), which, in turn, would enhance the slice resolution, thus decreasing 

partial volume effects, albeit exacting an SNR penalty.

When comparing the BOLD data derived with both sequences, there were no significant 

differences in tSNR, signal change upon activation or CNR. The simulation of the time 

evolution of the longitudinal magnetization during the pulse sequence cycle of the DA 

sequence indicates reduced gray matter BOLD signal (by about 30%), with respect to a 

conventional BOLD sequence, and varying slightly with slice location. The predicted lower 

BOLD signal results from incomplete recovery of the longitudinal magnetization and it will 

depend on the delay time between the two successive acquisitions.

The implementation of the DE-EPI sequence used in this work employs GRAPPA with an 

acceleration factor of 2, to facilitate sampling of the two echoes at the appropriate TEs. 

There is an image SNR penalty associated with the acceleration factor and the coil geometry 

factor (g), which is given by g√2. The 32-channel Siemens head array has previously been 

reported to have an average g factor close to 1 for R=2 (Keil, et al., 2011), which means the 

image SNR of the BOLD images should be lower by a factor of √2 = 1.4 with respect to non-

accelerated acquisitions. Therefore, SNR of the BOLD images acquired with the two 

sequences (DE-EPI and DA) should be similar.

Measurements of image SNR have not been performed in the experimental data because 

when multi-channel array coils are used, these measurements are complex (Triantafyllou, et 

al., 2011). Instead, measurements of temporal SNR and CNR are reported since they are 
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more straightforward and these parameters are the most important metrics for sensitivity in 

an fMRI experiment.

Even though BOLD tSNR and CNR ratio between sequences were not different, the 

activation maps obtained from the BOLD data yielded significantly lower mean T-scores 

(×0.73) and a lower number of activated voxels for a set significance threshold (×0.81) in the 

DA sequence. This is a consequence of the reduced number of data points (n) in the time 

series acquired with the DA sequence, due to its longer TR. For the same CNR (also known 

as effect size) T-scores are directly proportional to √n. In the experimental data, the ratio 

√nDA/ √nDE-EPI = √TRDE-EPI /√ TRDA was √(4/6) = 0.81. Shortening TR for the DA sequence 

would avoid this penalty, which could be achieved by accelerating the readouts, specially the 

2D EPI readout (currently 730 ms). Another possibility would be to shorten the time delay 

between the two readouts. However, the effects of these modifications on the SNR metrics 

would have to be evaluated. A potentially promising approach would consist of a single-shot 

3D GRASE readout for acquisition of BOLD data. However achieving T2* weighting with 

GRASE is not straightforward. GRASE is based on multiple spin-echoes and as such the 

echo train must fulfill the Carr-Purcell Meiboom-Gill (CPMG) condition. Introducing the 

T2* preparation violates the CPMG condition, which causes severe signal loss or blurring in 

regions of magnetic field inhomogeneities. Several strategies have been proposed to 

implement phase-insensitive T2* prepared multiple spin-echo sequences (Alsop, 1997; 

Jovicich and Norris, 1999; Norris, et al., 1992), but they all sacrifice SNR. Nonetheless, it 

would be a worthwhile strategy to be considered in future work.

The potential of the DA sequence for M-mapping and quantification of relative CMRO2 

changes was evaluated in response to a motor activation task. Hypercapnia induced signal 

changes (BOLD and perfusion) in gray matter were within the range of those reported 

previously (Gauthier and Hoge, 2013). M-maps demonstrated the expected gray to white 

matter contrast (see Fig. 4f) and averaged gray matter M values were in good agreement 

with literature results using hypercapnia calibration (Kastrup, et al., 2002; Leontiev and 

Buxton, 2007).

Maps of signal change induced by bilateral finger tapping obtained by BOLD and perfusion 

showed clusters of bilateral activation in the primary motor cortex. In addition, the highest 

sensitivity of the BOLD data indicated activation of the supplementary motor area. BOLD 

and perfusion signal changes in the MC due to activation were lower than signal changes 

induced by HC, as expected. Maps of relative CMRO2 changes also revealed two clusters of 

activation in the motor cortex, clearly visible above background. Average relative increases 

in CMRO2 of 12 and 13% were computed for left and right MC respectively, in very good 

agreement with reported CMRO2 changes measured in a similar motor task (Kastrup, et al., 

2002), corresponding to absolute changes of 17 and 19 µmol O2/100g/min.

The results from this work validate the DA acquisition technique for calibrated BOLD fMRI. 

The new sequence substantially improves perfusion tSNR, the limiting factor for accurate 

BOLD calibration, thus overcoming the deficits of previous approaches. Moreover, previous 

calibrated fMRI techniques, while able to produce M maps via signal averaging over 

multiple cycles at baseline and hypercapnia, are poorly suited for subsequent application to 
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measurement of CMRO2 changes in response to a functional tasks (because of the low ASL 

tSNR, which requires the task blocks to be either very long, or repeated many times). 

However, this limitation can be overcome by the proposed DA method. Future work will aim 

to improve the current implementation. The ASL portion of the sequence would benefit from 

a shortening of the 3D GRASE readout to reduce point-spread function blurring, while 

achieving a shorter TR would improve sensitivity for both ASL and BOLD data. Toward this 

aim, different strategies should be evaluated, such as the use of parallel imaging techniques 

or the implementation of a single-shot 3D readout for BOLD data acquisition.

5. CONCLUSION

In summary, the dual-acquisition strategy for simultaneous BOLD and CBF acquisition 

presented in this work, consisting of concatenation of two separate, individually optimized 

sequences, greatly improves tSNR of the ASL data, while achieving similar BOLD tSNR, 

relative to the dual-echo sequence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• An ASL dual-acquisition sequence is proposed for calibrated fMRI.

• It combines a background-suppressed 3D-GRASE readout with 2D 

multi-slice EPI.

• Compared to dual-echo EPI, ASL tSNR increases 3-fold without 

affecting BOLD tSNR.

• Fractional CMRO2 changes of 12 % were measured in response to a 

motor task.
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FIGURE 1. 
Pulse sequence diagram showing presaturation (PreSat), background suppression (BS) and 

PCASL pulses, followed by the single-shot 3D-GRASE and 2D-EPI readouts, separated by a 

delay time of 1.3 s. The timing of the BS pulses has been optimized to null the static tissue 

signal at the beginning of the 3D-GRASE readout. α represents the excitation pulses and β 
represents the refocusing pulses. Gpe2 refers to the second phase-encoding axis (i.e. the slice 

encoding axis). Gpe1 is the first phase-encoding axis. Gfreq is the frequency-encoding axis. 

Npe2 is the number of phase encodings in the slice encoding axis. Nslices is the number of 

slices in the 2D EPI readout.
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FIGURE 2. 
Temporal evolution of Mz (the longitudinal component of the magnetization vector) during 

the dual acquisition sequence TR, for different tissue types: white matter (WM) in red, gray 

matter (GM) in blue and CSF in green. The timings and durations of the two readouts are 

indicated by the position of two rectangles (3D GRASE in brown, 2D EPI in pink). The 

temporal location of the BS pulses are indicated by black arrows.
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FIGURE 3. 
(a) Areas activated by visual stimulation obtained from the four datasets acquired in a 

representative subject. Activation maps have been thresholded at p<0.005, uncorrected. (b) 

Signal time-courses extracted from the group maps intersection ROI (for details see methods 

section). The red lines represent the stimulus function.
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FIGURE 4. 
Acquired and computed images obtained with the dual-acquisition sequence during the gas 

manipulation experiment in a representative subject: (a) Baseline background suppressed 3D 

GRASE; (b) Baseline EPI; (c) Baseline perfusion-weighted images; (d) Perfusion signal 

increase induced by HC; (e) BOLD signal increase induced by HC; (f) M-maps.
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FIGURE 5. 
Maps of signal change induced by the bilateral finger tapping task in a single subject, 

showing bilateral activation in the motor cortex: (a) BOLD (% of baseline); (b) Perfusion (% 

of baseline); (c) Relative CMRO2 change during activation. (d) Relative CMRO2 time 

courses during the fMRI paradigm computed from the BOLD and perfusion signals 

extracted from the activated regions in the left and right motor cortex.
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Table 1

Summary of sequence parameters for the dual-echo EPI and dual-acquisition sequences

Dual-acquisition (DA) Dual-echo EPI (DE-EPI)

Number of excitations 2 1

Images per excitation 1 2

TR [s] 6 4

Spatial resolution [mm2] 4×4 4×4

Number of slices (or partitions) 16 16

Slice thickness [mm] 6 6

ASL readout scheme BS 3D-GRASE Multi-slice 2D-EPI

ASL-TE 28.9 ms 10 ms

BOLD readout scheme Multi-slice 2D-EPI Multi-slice 2D-EPI

BOLD-TE 30 ms 30 ms

Readout duration [ms] 420 (ASL)
730 (BOLD)

812 (ASL + BOLD)

Acceleration 5/8 Partial Fourier (partition
direction) (ASL)

GRAPPA-2
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