
Dynamic Magnetic Resonance Imaging of Cerebral Blood Flow 
Using Arterial Spin Labeling

Afonso C. Silva and Fernando F. Paiva
Cerebral Microcirculation Unit, Laboratory of Functional and Molecular Imaging, National Institute 
of Neurological Disorders and Stroke, Bethesda, Maryland 20892 USA

Abstract

Modern functional neuroimaging techniques, including functional MRI, positron emission 

tomography and optical imaging of intrinsic signals, rely on a tight coupling between neural 

activity and cerebral blood flow (CBF) to visualize brain activity using CBF as a surrogate 

marker. Because the spatial and temporal resolution of neuroimaging modalities is ultimately 

determined by the spatial and temporal specificity of the underlying hemodynamic signals, 

characterization of the spatial and temporal profiles of the hemodynamic response to focal brain 

stimulation is of paramount importance for the correct interpretation and quantification of 

functional data. The ability to properly measure and quantify CBF with MRI is a major 

determinant of progress into our understanding of brain function. This chapter reviews the 

dynamic arterial spin labeling (DASL) method to measure CBF and the CBF functional response 

with high temporal resolution.
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1. Introduction

A major goal of neuroscience and neurophysiology is to seek a deeper understanding of 

brain organization in terms of its anatomical and functional units (1). Modern neuroimaging 

methods, such as functional magnetic resonance imaging (fMRI) (2), positron emission 

tomography (PET) (3) and optical imaging of intrinsic signals (OIS) (4), are having an 

increasing role in mapping elemental functional units in the cerebral cortex. These 

functional imaging modalities rely on the coupling of cellular activity to the hemodynamic 

regulation of energy supply and waste removal – called “cerebrovascular coupling” – to 

detect the changes in cerebral blood flow (CBF), blood volume (CBV) or blood 

oxygenation, quantities that act as indirect surrogate markers of focal neuronal activity (5). 

Through the “cerebrovascular coupling”, homeostasis of the brain parenchyma is maintained 

by regulation of CBF on a precise spatial and temporal domain (6–8). Because the spatial 
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and temporal resolution of neuroimaging modalities is ultimately determined by the spatial 

and temporal specificity of the underlying hemodynamic signals, characterization of the 

spatial and temporal profiles of the hemodynamic response (HDR) to focal brain stimulation 

is of paramount importance for the correct interpretation and quantification of functional 

data (5) and significant effort has been placed on understanding the nature of the 

cerebrovascular coupling (9,10).

In the spatial domain, the CBF response to neural activity is well localized within the active 

cortex. In rat primary somatosensory cortex (S1), for example, elemental vascular units 

supply individual whisker barrels (11–13). The units are functionally linked for precise focal 

regulation of CBF, with the highest resting values and the highest changes being localized in 

layer IV (14). The physiological basis of the differences in CBF increments between 

different layers may be pericytes placed strategically to regulate capillary blood flow to meet 

local demands (15,16), or differences in capillary density accompanying differences in 

synaptic function (12,17,18). The match between microvascular structures and neural 

columns (13) ensures the CBF response is spatially specific to the activated column (19). 

Indeed, since the mid 1990’s, several fMRI and OIS studies successfully mapped elemental 

functional units in the cortex, such as individual whisker barrels in rat S1 (20–22), 

individual digits in human sensorimotor cortex (23,24), cortical laminae in olfactory bulb 

(25,26) and S1 (27–29) of rodents, and ocular dominance or orientation columns in the cat 

and human visual cortex (19,30–39).

In the temporal domain, the HDR consists of several processes with different time scales. 

Through cerebrovascular coupling, local decreases in vascular resistance lead to an increase 

in local blood volume and flow. The increase in blood flow results in hyperoxygenation of 

the capillary bed that drains into the veins, causing a signal that forms the basis of BOLD 

contrast (2). The increased hyperoxygenation becomes prominent in medium to large 

draining veins, and thus this response is often considered to be spatially nonspecific. Upon 

cessation of the increased electrical activity, the neurovascular coupling causes restoration 

of the capillary and arteriolar volume, resulting in restoration of local CBF and of the 

imaging signal, once the transit of oxyhemoglobin across the local cerebral vasculature is 

completed (40). Thus, the temporal resolution of neuroimaging techniques is limited by 

vascular transit times. Recently, much effort has been placed on determining the 

“hemodynamic impulse response” (HIR) function as a way to understand the minimal 

evolution of vascular events and so that responses to complex neural activity can be 

modeled and predicted (40–45). For example, in rats, the OIS response to a 2-s-long whisker 

or forepaw stimulus begins 0.5–1 s after stimulus onset, peaks at 2.5–3 s, and returns to 

baseline by 4–5 s (40,42–46). In humans, the full-width-at-half-maximum (FWHM) is 5–7 s 

(47–49), and can be improved to 3–4 s if the contribution from large vessels is removed 

(50).

There is a growing body of evidence indicating that the fundamental spatial and temporal 

characteristics of the HDR are fine enough to resolve subcortical activity and suggesting that 

hemodynamic regulation occurs at a spatial scale that is much finer than the resolution of 

typical current human or animal fMRI, and implies that higher information content can be 

obtained with further technological improvements. However, it is not clear to what extent 
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hemodynamic signals will be able to map elemental neuronal populations, and thus 

continued research on understanding the spatial and temporal evolution of the HDR will be 

essential to increase the applicability of neuroimaging to the study of functional brain 

organization. The ability to properly measure and quantify CBF with MRI is a major 

determinant of progress into our understanding of brain function. This chapter reviews the 

dynamic arterial spin labeling (DASL) method to measure CBF and the CBF HDR with high 

temporal resolution.

2. Dynamic Arterial Spin Labeling

Cerebral blood flow can be measured with MRI by using endogenous arterial water as a 

perfusion tracer according to a number of approaches collectively known as arterial spin 

labeling (ASL) (51–54). The major advantages of ASL are that non-invasive and 

quantitative measurements of CBF can be performed and repeated indefinitely. Unlike other 

MRI methods for measuring CBF that use exogenous contrast agents, in ASL the tracer is 

imaged against the brain tissue water background. Therefore, the general principle of ASL is 

to differentiate the net magnetization of arterial water flowing proximally to the brain from 

the net magnetization of brain tissue water. The labeled arterial water flows through the 

brain, causing a net decrease in magnetization due to its mixing (with or without exchange) 

with the brain tissue water, which is proportional to the flow rate and therefore it may be 

used to calculate CBF in the conventional units of . In addition, it is necessary 

to acquire two images, usually in an interleaved manner, to determine CBF: one with spin 

labeling, and another as a control. Thus, the ASL methods suffer from poor temporal 

resolution, which is typically on the order of a few seconds.

The formalism for ASL closely follows the one developed by Kety for monitoring the 

kinetics of freely diffusible tracers (55,56). In ASL, the brain tissue longitudinal 

magnetization can be described by the Bloch equations, modified to include the effects of 

CBF:

[1]

where Mb is the brain tissue magnetization per gram of tissue,  is the equilibrium value of 

Mb, T1b is the longitudinal brain tissue relaxation time constant, CBF is the cerebral blood 

flow expressed in units of , and Ma and Mv are the arterial and venous blood 

magnetization per ml of blood, respectively. The above equation describes brain tissue as a 

single-compartment that is constantly receiving blood from the arterial side and losing blood 

water on the venous side. Assuming water to be a freely-diffusible tracer, the venous 

magnetization equals the brain magnetization according to:

[2]
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where λ is the brain-blood water partition coefficient, defined as the ratio of the amount of 

water per gram of tissue and the amount of water per ml of blood. In equilibrium, the 

amount of water delivered by the arterial vasculature to the tissue compartment must equal 

the amount of water leaving that compartment on the venous side:

[3]

Therefore, Eq. [1] can be rewritten as:

[4]

with the apparent longitudinal relaxation time for tissue water in the presence of perfusion, 

T1app, and the degree of labeling efficiency, α(t), defined as:

[5]

Equation [4] tells us a number of important things about ASL. First, to cause a change in 

brain tissue magnetization related to perfusion, one needs to label blood (i.e., α(t) must be 

different than zero). Second, the perfusion rate does not instantly change brain tissue 

magnetization, but it does so with a time constant given by T1app. Third, because CBF is 

only on the order of 60 ml blood/100 g tissue-minute, CBF/λ ≈ 0.01 s−1, the impact of CBF 

on T1app is much too small to allow CBF to be reliably measured from changes in relaxation 

rates. Traditionally, ASL techniques have been presented as belonging to one of two basic 

implementation categories (52,57). In the first approach, arterial water is continuously 

labeled proximally to the region of interest in the brain (58,59). This approach is referred to 

as continuous ASL (CASL). In the second approach, a single, yet large volume of arterial 

blood is dynamically labeled proximally to the region of interest and allowed to flow into 

the tissue prior to data collection (60–63). This approach is generally referred to as pulsed 

ASL (PASL). A detailed comparison of CASL and PASL techniques can be found in (64), 

and is beyond the scope of this chapter.

The CASL approach is attractive for providing better sensitivity than PASL. In CASL, 

arterial water is continuously saturated (α0 = α(0) ≈ 0.5) or inverted (α0 ≈ 1.0) proximally 

to the brain for a period long enough to allow the establishment of a steady-state in brain 

tissue magnetization. For a constant degree of labeling efficiency α(t) = α0e−τ/T1a, where α0 

is the labeling efficiency at the labeling site, τ is the transit-time from the labeling site to the 

detection site, and T1a is the longitudinal relaxation of arterial water, a steady-state 

 is reached in which:

[6]
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Thus, the CBF can be obtained from two images obtained with (α ≠ 0) and without (α = 0) 

labeling:

[7]

Equation [7] shows that CBF depends on the partition coefficient λ and on three additional 

parameters: the longitudinal tissue relaxation time T1b, the transit time τ from the site of 

labeling to the site of interest in the tissue, and the difference in tissue MR signal between 

the control and the labeled states of magnetization. Commonly, these parameters are 

obtained in separate experiments. Furthermore, the parameters are measured usually in 

single instances, precluding dynamic analysis of fast variations. In many applications, as for 

example in functional MRI experiments aimed at determining the HDR with high temporal 

resolution, or in measurement of vascular transit-time maps associated with diagnosis of 

cerebrovascular diseases, it would be essential to determine CBF dynamically. One efficient 

way to accomplish dynamic measurements of CBF with ASL is to impose a systematic and 

periodic variation of the degree of labeling α(t). According to Eq. [4], periodic variations in 

α(t) would cause periodic variations in the tissue magnetization, and a temporal analysis of 

the tissue response would yield dynamic quantification of T1b, τ and CBF. This transient 

analysis has been named dynamic ASL (DASL) (53,65).

The dynamic analysis can be introduced by simply allowing the degree of labeling α (t) in 

Eq. [5] to be a time-dependent, periodic function. In such case, Eq. [4] can be integrated 

characterizing the time evolution after steady-state has been reached of a system subject to a 

specific time-varying labeling function, and is given by (65):

[8]

where ⊗ denotes the convolution product. From Eq. [8], it is important to notice that 

independently of the labeling function, the tissue response has a time shift introduced by the 

transit time τ.

In theory, the labeling function may be arbitrarily defined as long as the arterial spins can be 

inverted accordingly, so that definition of the labeling function should be determined by the 

experimental goals. For example, the use of a periodic square labeling function of period 2Δ 

defined as follows:

[9]

will produce a periodic tissue magnetization response, given by (65):
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[10]

Figure 1 shows the tissue response expressed by Eq. [10] simulated for different frequencies 

of a square labeling function. As expected, the tissue response is shifted with respect to the 

labeling function by the transit time τ. Also, both amplitude and the phase of the tissue 

response are modulated by the labeling function. The phase modulation occurs due to the 

way the labeling function alters the magnetization of the arterial water flowing to the 

detection site, while the amplitude modulation occurs due to how fast the labeled and 

unlabeled states are switched when compared to the transit time and to the longitudinal 

relaxation rate. The DASL technique has the advantages of allowing continuous repetition of 

the ASL experiment in such a way that the tissue response can be analyzed to unravel in a 

dynamic manner the three parameters of interest: T1b, τ and CBF. Determination of these 

parameters can be accomplished with high sensitivity, because the labeling period 2Δ can be 

made long enough so that the tissue response reaches steady-state (e.g., Fig. 1c) and because 

the periodic nature of the response facilitates analysis of the data in the frequency domain, 

allowing for frequency filtering of noise and other components with frequencies outside the 

model. It is important to notice that even though higher frequencies increase the number of 

cycles acquired in a given amount of time, thus improving the averaging process, their use 

may compromise the ability of accurately estimate T1app, due to a decrease in the time span 

of evolution of the tissue magnetization and a decrease in the number of data points used for 

estimation of this parameter. On the other hand, the precision of estimation of the transit 

time τ is proportional to how accurately the temporal shift between the labeling function and 

the tissue response can be measured, and for this a higher sampling rate is required. For 

accurate transit time estimation, the sampling rate of the DASL curve must be higher than 

the smallest expected transit time. This can be a significant limitation in studies of small 

animals where the transit times can be quite short, on the order of 100 – 350 ms (53,65,66).

The DASL sampling scheme is particularly advantageous in the presence of periodic noise 

and other sources of signal fluctuation, such as the ones introduced by respiratory and 

cardiac cycles. In such cases, the periodic nature of the tissue response to a periodic labeling 

function greatly facilitates filtering of such noise sources. Efficient filtering can be 

accomplished by fitting the raw data to the model described by Eq. [10]. A simple Fourier 

transform (FT) of the model determines the allowed spectrum of frequencies, while the FT 

of the data reveals the periodic perturbations present in the data. A complex filter comprised 

of real and imaginary components present in the allowed spectrum of frequencies can be 

applied to the dataset to eliminate every frequency other than the ones predicted by the 

model.

Figure 2 illustrates the filtering process based on the DASL model for data obtained from an 

isoflurane-anesthetized rat at 7T. The original DASL time course is shown in Fig. 2a. A 

labeling frequency of 0.05Hz was used to generate the DASL time-course. The labeling time 

TL was 200 ms and the image repetition time TR was 250 ms. In spite of the good SNR, 
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noise present in the data is quite visible. Fig. 2b shows the real and imaginary components 

of the FT of the data, while Fig. 2c shows the frequency components allowed by the best fit 

of the data to the model in Eq. [10]. Fig. 2c shows the filtered data based on the frequencies 

allowed by the model. Negative amplitudes were removed by the filter, as well as the 

frequency component around 1Hz corresponding to the respiratory rate. The filtered DASL 

time course is shown in Fig. 2e, demonstrating the effectiveness of the filter in removing the 

noise and other unwanted fluctuations. The advantage of this filtering approach is that even 

perturbations occurring at very low frequencies can be taken out of the data without 

compromising the tissue response information. In theory, this should also enable to 

eliminate the contributions of large vessels to the CBF map. Assuming that the arterial 

protons flowing through the large vessels are flowing fast enough and do not exchange with 

tissue, they should not behave as predicted by the model in such a way that their 

contribution would be filtered out of the dataset and, thus, not considered in the final fitting 

that would be used to generate a CBF map. After filtering, the CBF, T1b and transit time 

maps were obtained from the data and are shown in Figure 3a–c, respectively. The average 

whole-brain CBF value was 149 ml/(100g ·min) (Fig. 3a). Note the high SNR of the CBF 

map. The transit-time map, shown in Fig. 3c, had an average value of 258 ms, which is in 

excellent agreement with previously published values for the transit-time in rats (53,65,66).

3. Applications of DASL to Measurement of the Hemodynamic Response to 

Functional Brain Stimulation

As mentioned above, the temporal resolution of ASL methods for quantifying CBF is 

inherently low, due to the need of acquisition of two distinct images and because proper 

perfusion contrast is achieved only when enough time is allowed for the labeled spins to 

travel into the region of interest and exchange with tissue spins. The DASL technique is 

attractive in improving the temporal resolution of ASL, because data can be acquired with a 

high sampling rate while the magnetization state of the brain oscillates between the control 

and the steady-state conditions induced by the periodic labeling function.

In order to obtain high temporal resolution, short ASL RF pulses are used interleaved to an 

ultra-fast imaging sequence, such as echo-planar or spiral imaging (67). A compromise must 

exist between using ASL RF pulses that are short enough to allow for high temporal 

resolution, but long compared to the imaging time so that high labeling duty-cycles (and 

thus labeling efficiency) can be maintained. Specifically, between the acquisition of two 

consecutive images with a short repetition time (TR), ASL is achieved by a labeling RF 

pulse of length TL. According to this scheme, labeling of the arterial spins can be done with 

a duty-cycle k = TL/TR. If TL is not too short compared to TR, the duty-cycle k is high 

enough to preserve the sensitivity of the CASL technique. The proper determination of 

quantitative CBF maps requires a correct measure of the degree of arterial spin labeling, 

α(t). The new definition of α(t) to account for the labeling duty-cycle k is given by:

[11]
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Eq. [11] shows that the effect of using the DASL scheme as described above is to decrease 

the efficiency of labeling by the duty-cycle factor k. For example, ASL RF pulses of 78 ms 

duration were implemented in conjunction with a 30 ms readout EPI sequence (27,67). 

Under these conditions, CBF images could be formed every 108 ms, however, with a 

decreased labeling efficiency due to the lower duty-cycle k = 0.72. Similar DASL data, 

acquired using TL = 200 ms and TR = 250 ms, are shown in Figure 4. In this case, k = 0.8.

To demonstrate the usefulness of DASL in probing the CBF response to functional brain 

activation, DASL experiments were performed during bilateral somatosensory stimulation in 

an α-chloralose anesthetized rats at 7T. A labeling frequency of 0.0167 Hz was used 

corresponding to a half-period Δ = 30 s. The functional paradigm was defined so that 3 s-

long stimulus were presented during the stationary period of the DASL cycles. The stimulus 

parameters were: current amplitude = 2 mA, pulse width = 333 μs and repetition rate 3Hz. 

Fig. 4a shows a t-score map of the BOLD functional response. Robust activation regions 

were present in both left and right primary somatosensory cortices. Fig. 4b shows the 

combined DASL-fMRI time-course. The functional hemodynamic response can be easily 

noticed on top of the DASL experiment. The control phase of the DASL cycle displays a 

robust BOLD response, while the labeling phase shows the mixing of the functional BOLD 

and CBF contrast in anti-phase to each other. Because functional increases in CBF lead to 

signal decreases in ASL, the resulting functional signal changes are smaller during the 

labeling half-cycles (when the BOLD contrast opposes the CBF contrast) than during the 

control half-cycles (when contrast is due to BOLD alone). After fitting and filtering of the 

DASL curve, the data was averaged into a single DASL cycle, shown in Fig. 4c. The 

hemodynamic response is superimposed on the DASL evolution. Stimulation periods are 

indicated by the horizontal bars underneath the hemodynamic response.

Once the CBF images are formed, analysis of the temporal characteristics of the CBF 

response to functional stimulation is desired. For this, a temporal deconvolution of the 

measured MRI time-course becomes necessary, because instantaneous changes in CBF 

cannot be quickly reflected in the MRI time-course. To show this, consider the longitudinal 

tissue magnetization obtained after n RF pulses is (68):

[12]

The first term in Eq. [12] represents the longitudinal magnetization at the steady state 

condition, and the second term represents its dynamic evolution from the fully relaxed 

condition to the steady state condition. The basic principle of the ASL technique is the 

transfer of the longitudinal magnetization state of the endogenous labeled arterial water to 

the perfused tissue. According to Eq. [12], this transfer is limited by T1app, by TR, and by 

the excitation RF flip angle θ. Thus, it cannot occur instantly. As a consequence, quick 

changes in CBF such as the ones produced by focal brain stimulation are only reflected a 

few seconds later in the tissue magnetization, and thus the MRI time-course measured in 

response to a quick change in perfusion is delayed. However, the transfer function that 

governs the delayed MRI response to step changes in CBF (and in T1app) is inherently 
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present in Eq. [12] in the form of the signal evolution from the equilibrium magnetization 

state M0 to the new steady-state magnetization expressed by the first term in Eq. [12]. 

Provided that it is measured during the MRI measurements of the functional CBF response, 

the transfer function can be used as a deconvolution kernel to remove the latency in the CBF 

response imposed by the MRI signal evolution. After the deconvolution process, the 

resulting CBF time-course reflects accurately the dynamics of the actual CBF changes.

Using an acquisition scheme that consisted of employing short ASL RF pulses in 

conjunction with an ultra-fast imaging sequence, we were able to measure the CBF response 

to somatosensory stimulation in α-chloralose anesthetized rats with a temporal resolution of 

108 ms (27,67). Figure 5a shows the MRI-estimated CBF time-course (gray), and the 

deconvolved CBF time-course (black), in response to a 20 s-long stimulus. To obtain the 

true temporal dynamics of the CBF response, the MRI-estimated CBF curve was 

deconvolved with the initial ten seconds of the control magnetization decay, generating the 

deconvolved CBF signal. It can be clearly seen how the CBF response measured with MRI 

is delayed with respect to the deconvolved curve. One drawback of the deconvolution 

process is that it adds oscillatory noise to the data. However, the CBF changes elicited by 

somatosensory stimulation in α-chloralose anesthetized rats are quite robust and immune to 

the small amount of noise introduced by deconvolution of the original functional ASL curve. 

One important advantage of the use of DASL acquisition strategies in functional MRI is that 

the control cycle of the ASL curve can be used to obtain the BOLD functional changes so 

that this more popular fMRI contrast mechanism can be directly compared to the 

corresponding CBF changes.

Figure 5b shows the onset time of BOLD and CBF in the superficial and deep regions of the 

somatosensory cortex following the onset of stimulation. The onset of CBF changes in the 

deep layers of the somatosensory cortex occurred earlier than the corresponding BOLD 

changes (P < 0.003) (27). However, in the superficial layers, the onset of the CBF response 

was delayed and it was similar to the latency of the superficial BOLD signal changes. Figure 

5C shows the BOLD and CBF times-to-peak. The CBF peak response occurred faster than 

the BOLD response in both regions (P < 0.001) (27). The heterogeneity of fMRI onset-times 

across the cortical depth layers is indicative of the effects of the vasculature on the 

fundamental temporal characteristics of the HDR, and make a clear statement that the 

resolution of fMRI is fine enough to resolve subcortical activity and to study subcortical 

processes, such as columnar and laminar cortical communication.

Indeed, the shorter onset times found with CBF in the deeper layers of the cortex (27) were 

later confirmed with BOLD contrast obtained at higher spatial resolution (28) (Table 1). The 

BOLD onset times obtained at high spatial resolution (200 x 200 μm2) from layers IV–V in 

the cortex (28) were as fast as the CBF onset-times obtained at a lower spatial resolution 

(27,67), suggesting that the onset-time of the hemodynamic response is faster than 600 ms 

and that improving the spatial resolution may further shorten the onset latency. In the latter 

study, layer-specific heterogeneity was maintained throughout the entire rising portion of the 

BOLD HDR, both in amplitude as well as in temporal aspect. Our data showed that layers 

IV–V in the rat somatosensory cortex have the strongest temporal resemblance to the 

stimulation paradigm, and that the onset times from those cortical laminae are shorter than 
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the respective latencies from layers I–III and VI, suggesting that the HDR originates in the 

central region of the cortex and propagates up and down the cortical depth toward the 

supragranular and infragranular layers (28). This finding is consistent with the hypothesis 

that changes in CBF start at the site of neural activity and propagate upstream toward the 

feeding arterioles and arteries (69). Curiously, the shorter CBF and BOLD HDR onset times 

in cortical layer IV is consistent with the expected order of neuronal current flow in the 

cortex (70), thus suggesting that the hemodynamic response could be preserving the 

temporal order of cortical neuronal events. While CBF cannot respond as fast to increased 

neuronal activity as electrical events, still the cerebral vasculature could be constructed to 

follow electrical activity as much as possible (12,16), making fMRI signals useful for 

probing cortical activity with short latencies, such as laminar communication.

4. Future Applications of DASL

The property of DASL to measure the three basic parameters related to quantification of 

CBF make the technique attractive for the measurement of hemodynamic parameters both in 

scientific studies of human brain function as well as in clinical studies of cerebrovascular 

diseases. The periodic repetition of the labeling function gives DASL superior advantage in 

achieving CBF measurements with high SNR due to the multiple sampling of the ASL data 

and due to the powerful noise reduction achieved by the fitting and filtering algorithms. 

Furthermore, DASL achieves unparalleled temporal resolution when compared to other ASL 

techniques, a fundamental feature to enable its application to the measurement of the 

hemodynamic response to functional brain stimulation and to the measurement of vascular 

transit times.

Recently, there has been renewed effort to map the perfusion territories of major cerebral 

arteries (71). While other ASL methods have been developed to measure arterial territories 

in the brain, none of the proposed techniques to date have enough temporal resolution to 

allow detailed characterization of the changes in vascular perfusion patterns associated with 

cerebrovascular diseases such as focal ischemia or hemorrhage. DASL is likely to be 

particularly suited for these applications where the changes in vascular territories are 

accompanied by changes in transit-times due to alteration in the perfusion patterns.

In conclusion, DASL is destined to constitute a versatile experimental platform for studying 

the spatial and temporal characteristics of functional cerebral hemodynamics. Further 

optimization of the technique will allow analysis of the vascular nature of the BOLD and the 

CBF responses, as well as the changes in vascular transit-times and perfusion territories 

associated with functional hyperemia.
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Figure 1. 
Simulation of the tissue magnetization response to three different frequencies of the ASL 

function after steady state has been reached using the following parameters: T1app=1.75 s, τ 

= 0.25 s, CBF = 150 ml / (100g · min) and α0 = 0.90. Labeling frequencies of 0.20Hz (a), 

0.10Hz (b) and 0.05Hz (c) are shown. The dashed lines show the labeling function (right-

hand scales), and the dark lines show the corresponding tissue responses in arbitrary units 

(left-hand scales). An expanded scale plot of the maximum amplitude reached in each 

situation is shown in (d). Note that different labeling frequencies modulate the amplitudes of 

the tissue response, while the delayed tissue response is independently governed only by the 

transit time τ from the labeling plane to the detection region.
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Figure 2. 
Frequency filtering of DASL data obtained from an isoflurane-anesthetized rat at 7T using a 

labeling frequency of 0.05 Hz. (a) DASL time-course. (b) The real (left) and imaginary 

(right) components of the FT of the data. (c) The real (left) and the imaginary (right) 

components of the FT of the best fit to the model expressed by Eq. [10]. (d) The filtered data 

based only on the frequencies allowed by the model. In addition to removal of the noise, the 

peak around 1Hz due to the respiratory frequency is also filtered out. (e) The filtered DASL 

time-course.
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Figure 3. 
Dynamic ASL parameter maps obtained from an isoflurane-anesthetized rat at 7T. A 2 mm-

thick coronal slice that included the forelimb area of primary somatosensory cortex was 

imaged using a GE-EPI sequence with the following parameters: TR/TE = 250/20ms, FOV = 

25.6 x 25.6 mm2, matrix = 128 x 128, image acquisition time 49 ms. (a) CBF map obtained 

with high SNR and showing excellent anatomical definition of gray and white mater. (b) 

T1app map. (c) Transit time map.
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Figure 4. 
Combined DASL-fMRI experiment. (a) t-score map of the BOLD functional response to 

bilateral stimulation of the rat forelimbs. Robust activation regions are present in both left 

and right primary somatosensory cortices. (b) Combined DASL-fMRI time-course. The 

functional hemodynamic is superimposed on top of the DASL experiment. (c) Data 

averaged into a single DASL cycle, obtained after fitting and filtering of the DASL curve. 

Stimulation periods are indicated by the horizontal bars underneath the hemodynamic 

response. The control phase of the DASL cycle displays a robust BOLD response, while the 

labeling phase shows the mixing of the functional BOLD and CBF contrast in anti-phase to 

each other.
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Figure 5. 
Temporal response of CBF and BOLD fMRI signals. a: Raw (gray) and deconvolved 

(black) CBF response curves obtained using ASL at 108 ms temporal resolution during 

electrical stimulation of the rat forepaw. The raw CBF curve was obtained at 9.4T and was 

deconvolved with the tissue T1 decay curve to produce the true CBF response. b: Averaged 

onset-times of CBF and GE-BOLD at 9.4T in the surface (gray bars) and deep (white bars) 

regions of the somatosensory cortex. (*) The onset of the BOLD response in the cortical 

surface was significantly later than deeper in the cortex (P < 0.03). (**) CBF changes in the 

deep cortex occurred earlier than the corresponding BOLD changes (P < 0.003). (***) The 

onset of superficial CBF changes was significantly delayed compared to deep in cortex (P < 

0.004). c: Averaged time-to-peak of CBF and BOLD. There were no significant time-to-

peak differences across regions within either BOLD (P > 0.28) or CBF (P > 0.39). (†) 

However, the CBF peak response occurred faster than the BOLD response in both regions (P 

< 0.001). Error bars = 1 std. dev. Adapted from ref. 27 with permission of Lippincott, 

William & Wilkins., and from ref. 67 with permission of Wiley-Liss Inc., Wiley Publishing 

Inc., a subsidiary of John Wiley & Sons.
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