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Abstract

The measurement of cerebral blood volume (CBV) has been the topic of numerous neuroimaging 

studies. To date, however, most in vivo imaging approaches can only measure CBV summed over 

all types of blood vessels, including arterial, capillary and venous vessels in the microvasculature 

(i.e. total CBV or CBVtot). As different types of blood vessels have intrinsically different 

anatomy, function and physiology, the ability to quantify CBV in different segments of the 

microvascular tree may furnish information that is not obtainable from CBVtot, and may provide a 

more sensitive and specific measure for the underlying physiology. This review attempts to 

summarize major efforts in the development of MRI techniques to measure arterial (CBVa) and 
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venous CBV (CBVv) separately. Advantages and disadvantages of each type of method are 

discussed. Applications of some of the methods in the investigation of flow-volume coupling in 

healthy brains, and in the detection of pathophysiological abnormalities in brain diseases such as 

arterial steno-occlusive disease, brain tumors, schizophrenia, Huntington’s disease, Alzheimer’s 

disease, and hypertension are demonstrated. We believe that the continual development of MRI 

approaches for the measurement of compartment-specific CBV will likely provide essential 

imaging tools for the advancement and refinement of our knowledge on the exquisite details of the 

microvasculature in healthy and diseased brains.
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1. Introduction

Cerebral blood volume (CBV) is an important physiological parameter reflecting the amount 

of blood in brain tissue (ml blood/100 ml tissue). Under normal physiological conditions, the 

brain attempts to maintain adequate cerebral blood flow (CBF, in units of ml blood/100 g 

tissue/minute) by regulating the caliber of arteries and arterioles through an auto-regulatory 

mechanism (Kuschinsky et al., 1996; Mchedlishvili, 1986). Thus, in early stages of 

cerebrovascular alterations, CBV can serve as a sensitive indicator for evaluating tissue 

viability and function. Baseline CBV also demonstrates strong correlations with basal 

metabolism in the brain (Gonzalez et al., 1995; Raichle, 1983). In addition, CBV is a major 

modulator of the blood-oxygen-level-dependent (BOLD) effect (Buxton and Frank, 1997; 

Ogawa et al., 1993; van Zijl et al., 1998), and thus has relevance for the interpretation of 

such BOLD functional MRI (fMRI) signals.

Various neuroimaging techniques have been developed to measure CBV. A common 

requirement of these approaches is the utilization of an endogenous or exogenous tracer to 

separate signal from the intravascular and extravascular compartments so that CBV 

(intravascular space) can be quantified (Kety and Schmidt, 1948). For instance, iodinated 

contrast agents are commonly used in computed tomography (CT) for measuring 

parenchymal perfusion parameters including CBV (Heit and Wintermark, 2016; Koenig et 

al., 1998). In positron emission tomography (PET), radioactive isotopes such as 15O-labelled 

carbon monoxide (C15O) (Grubb et al., 1974) are used to label the blood separately from 

extravascular tissue, so that CBV can be measured. More recently, several MRI techniques 

have been developed to measure CBV with intravascular paramagnetic and 

superparamagnetic contrast agents, such as Gd-DTPA (Belliveau et al., 1991; Lu et al., 2005; 

Moseley et al., 1992; Ostergaard et al., 1996a; Ostergaard et al., 1996b; Uh et al., 2009) and 

ferumoxytol (D’Arceuil et al., 2013; Qiu et al., 2012) in humans, and MION (Leite et al., 

2002; Mandeville et al., 1998) in animals; as well as blood water spins as intrinsic 

endogenous contrast sources such as in the vascular space occupancy (VASO) approach (Lu 

et al., 2003; Lu et al., 2013; Lu and van Zijl, 2012).
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To date, most CBV imaging approaches measure total CBV (CBVtot), which reflects the 

sum of signals from the arterial, capillary and venous vessels in the microvasculature. 

However, different types of blood vessels have distinct functions and physiology, and can be 

affected differentially in brain diseases. The arterioles are actively regulated blood vessels, 

and thus may be more sensitive to metabolic disturbances in the brain (Iadecola and 

Nedergaard, 2007; Ito et al., 2005; Ito et al., 2001; Kim et al., 2007; Takano et al., 2006). 

During angiogenesis, some arterioles are generated before capillaries and before changes in 

CBF occur (Hansen-Smith et al., 2001). Recent evidence from animal models demonstrates 

that aging affects pial arteries and arterioles before capillaries and venous vessels, and that 

dysfunction in pial arteries occurs months before total CBF changes can be detected (Balbi 

et al., 2015). In early hypertensive-induced cerebrovascular alterations, CBV in arterial 

vessels is altered while CBF is still intact (Kim et al., 2014; Lee and Kim, 2017). On the 

other hand, venous blood vessels are less contractile, and venous blood flow is primarily 

influenced by the pressure and pulsation from arterial blood vessels (Schaller, 2004). The 

venous system is closely linked with the drainage of metabolic wastes from brain tissue and 

the interstitial and cerebrospinal fluids (Schaller, 2004), which has important clinical 

implications in many brain diseases (Iliff et al., 2012). For neuroimaging, blood oxygenation 

level changes during neuronal and physiological stimulation, which forms the physiological 

basis for the BOLD effect, primarily occur in venous vessels. Therefore, the measurement of 

CBV in each type of blood vessels separately may furnish information that is not obtainable 

from total CBV and CBF measures, and may provide a more sensitive and specific index for 

the underlying physiology in healthy and diseased brains.

The volume of arterial blood vessels (CBVa) is approximately 20–30% (Table 1) of the 

intravascular space occupied by all blood vessels (CBVtot), while the volume of venous 

blood vessels (CBVv, including capillaries) is approximately 70–80% (Table 2) of CBVtot at 

basal state in healthy brains (Piechnik et al., 2008; Sharan et al., 1989; van Zijl et al., 1998). 

Because of the smaller baseline fraction of CBVa/CBVtot compared to CBVv/CBVtot, it 

was often assumed that CBVa change in brain tissues during neuronal activity is negligible 

compared to CBVv and CBVtot changes (Buxton et al., 1998; Mandeville et al., 1999; 

Mandeville et al., 1998). However, recent imaging studies showed that during functional or 

physiological stimulation, CBVa can increase by up to 80% of its baseline values (Table 3). 

In contrast, the relative change in CBVv is usually much smaller than CBVa during 

functional stimulation (Table 4). Some studies even reported minimal changes in venule 

diameters (Hillman et al., 2007) and CBVv (Kim et al., 2007; Kim and Kim, 2010) during 

functional stimulation. Note that stimulus duration may be an important factor that affects 

CBVv change. Kim et al. found negligible CBVv change during a short (15 s) functional 

stimulus (Kim et al., 2007), but detected substantial CBVv increase during a long (40 s) 

functional stimulus (Kim and Kim, 2011). Similarly, CBVv increase or dilation of venules 

were found during a 96-second (Chen and Pike, 2009a) and a 240-second (Stefanovic and 

Pike, 2005) visual stimulation in humans, and during a 120-second direct electric 

stimulation in rats (Akgoren and Lauritzen, 1999). Such long stimuli typically induce initial 

fast CBVa increase followed by slow CBVv dilation, as demonstrated in fMRI experiments 

(Kim and Kim, 2011; Zong et al., 2012) and predicted in computational models of fluid 

dynamics (Barrett et al., 2012; Krieger et al., 2012). It should also be noted that CBVv 
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changes during physiological challenges such as breathhold (Hua et al., 2010) or 

hypercapnia (Chen and Pike, 2010; Lee et al., 2001) are usually greater than those observed 

during functional (or neuronal) activation. Furthermore, blood vessels in different cortical 

layers (surface and deep layer vessels and penetrating arterioles and venules between layers) 

may have distinct responses to a given functional or physiological stimulation (Blinder et al., 

2013; Huber et al., 2014; Tian et al., 2010), with important implications for high-resolution 

CBV based fMRI (Huber et al., 2017b).

In this review, we attempt to discuss recently developed MRI approaches for the 

measurement of CBV in arterial and venous blood vessels separately. CBV measured in 

physiological units (ml blood/100 ml tissue) is referred to as absolute CBV, whereas CBV 

difference between functional stimulation and baseline periods normalized by the baseline 

value is referred to as relative CBV change (%). We will also demonstrate how some of 

these methods have shown promising results to help us better understand vascular 

physiology in healthy brains and microvascular abnormalities in brain diseases. In this 

review, we will try to focus on the CBV imaging techniques that are specifically designed to 

distinguish arterial and venous CBV. For total CBV methods, the readers are referred to 

corresponding articles in this special issue and in the literature. Also, to keep this review 

concise, we will not show figures similar to the ones that have already been published in the 

referenced studies.

2. Arterial cerebral blood volume (CBVa)

We define arterial blood vessels as pre-capillary vessels that can actively dilate or constrict 

to control cerebral perfusion and the delivery of oxygen and other nutrients to brain tissues. 

These include arteries, pial arteries and arterioles with a wide range of vessel diameters and 

blood flow velocities (Mchedlishvili, 1986). Immunohistochemistry studies show a layer of 

elastic lamina between the smooth muscle and the endothelial cells that is only present in 

cerebral arterioles, but not in cerebral venules and capillaries (Shen et al., 2012). In healthy 

brain parenchyma, CBVa is approximately 20–30% (Table 1) of CBVtot at baseline 

(Piechnik et al., 2008; Sharan et al., 1989; van Zijl et al., 1998). The relative change in 

CBVa (in percentage compared to baseline values) during functional stimulation is usually 

much greater than those in capillaries and venous vessels (Table 3), which is an important 

factor to consider when interpreting the BOLD signals (see section 4).

It is important to differentiate large arteries from smaller pial arteries and arterioles with 

diameters up to 100–150 microns, which is the primary regulator of local tissue perfusion 

(Auer and Johansson, 1980; Mchedlishvili, 1986; Mchedlishvili et al., 1974–75). Depending 

on the physical and/or physiological properties utilized to selectively label arterial blood, 

some approaches discussed below may be more sensitive to pial arteries and arterioles, 

whereas some may include substantial signal contributions from larger arteries as well. Here, 

we will discuss three main categories of MRI techniques for the measurement of CBVa in 

vivo based on the type of contrast used to differentiate arterial blood from the rest of the 

vasculature.
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2.1. Approaches based on blood velocity

The velocity of blood flow in arterial vessels is usually much greater than that in capillaries 

and venous vessels. For instance, the average blood flow velocities in arterial vessels with 

diameters less than 50 microns, 50 to 100 microns, 100 to 150 microns, and 150 to 200 

microns in cat brain were reported to be 1.29±0.13, 2.46±0.34, 4.21±0.47, and 5.99±0.53 

(10−2m/s), respectively (Kobari et al., 1984). On the other hand, blood flow velocities for 

capillaries (diameters < 20 microns) in the mouse brain and venules (diameters 20 to 60 

microns) in the rat brain were reported to be 2.30±0.58 (10−4m/s) (Pan et al., 2014) and 

0.57–1.52 (10−4m/s) (Hillman et al., 2007), respectively. Although the reported values of 

blood flow velocities may vary depending on many factors, such as species, method of 

measurement and so on, the trend of faster flows in arterial vessels has been consistently 

observed (Piechnik et al., 2008).

In MRI, magnetic field gradients can be applied to dephase signals from fast flowing blood 

water spins (Le Bihan et al., 1988; Silva et al., 1997; Ye et al., 1997). Thus, absolute CBVa 

can be estimated from the difference signals between images with and without such crusher 

gradients (Barbier et al., 2001; Duong and Kim, 2000; Kim and Kim, 2006; Neil and 

Ackerman, 1992; Petersen et al., 2006; van Westen et al., 2011). As flow-sensitized field 

gradients can only dephase MR signals from moving spins with velocities above a certain 

threshold, CBVa values measured by this type of method may have substantial contributions 

from large arteries. One possible solution is to add crusher gradients in the control scan as 

well. Additionally, as blood flow velocities in larger venules and veins may become close to 

those in arterioles and small arteries, CBVa values in these methods might also have some 

contributions from venous vessels.

A second type of approach to isolate the arterial compartment based on blood velocity is to 

use the multiphase balanced steady state free precession (bSSFP) MRI sequence (Kim et al., 

2016; Yan et al., 2012). The bSSFP pulse train has little effect on the longitudinal 

magnetization of the fast flowing arterial blood water spins as such spins only experience a 

small number of RF pulses in the bSSFP readout. Meanwhile, the static tissue signal within 

the imaging volume is saturated by the entire bSSFP pulse train, allowing the quantification 

of CBVa.

Finally, velocity-selective RF pulse trains (Duhamel et al., 2003; Wong et al., 2006) may be 

another promising technique that can be exploited to measure CBVa separately based on its 

faster blood velocity (Liu et al., 2017a).

2.2. Approaches based on the impermeability of arterial vessels to exogenous or 
endogenous contrast agents and arterial spin labeling (ASL)

In healthy brain parenchyma, arterial vessel walls are impermeable to water molecules and 

many exogenous contrast agents (Lucotte et al., 2017). Water exchange between the intra- 

and extra-vascular compartments in brain tissue primarily occurs in the capillary bed 

(Kuschinsky et al., 1996), affecting the signals in the capillaries and downstream venous 

vessels, and the brain tissue surrounding these vessels. Therefore, volume information in the 

arterial compartment (CBVa) can be extracted by measuring the signals from intravascular 
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tracers in arterial vessels. For instance, in PET studies, 15O-labeled carbon monoxide (C15O) 

is a non-diffusible tracer (does not enter extravascular space surrounding all vessels) that can 

furnish information on CBVtot. On the other hand, 15O-labeled water (H15O) is a tracer that 

is diffusible in capillaries. Using a two-compartment model, Ito et al. showed that CBVa can 

be measured with dynamic H15O PET (Ito et al., 2001).

In MRI, magnetically labeled blood water spins can be adopted as endogenous tracers that 

are impermeable to arterial vessel wall but can diffuse freely across the blood brain barrier in 

capillaries, such as the arterial spin labeling (ASL) methodology (Detre et al., 1992; 

Williams et al., 1992). In principle, CBVa can be estimated from the difference signal 

between the label and control scans in ASL when the post-labeling delay (PLD) is short 

(Chappell et al., 2010; Warnert et al., 2015; Whittaker et al., 2017), or from the difference 

ASL signals acquired at multiple PLDs (Chappell et al., 2010; Hales et al., 2013). A series 

of other ASL based CBVa approaches have been developed.

To separate extravascular tissue and arterial blood signals so that CBVa can be measured, the 

tissue signal needs to be manipulated. The modulation of tissue and vessel (MOTIVE) 

method developed by Kim et al. uses magnetization transfer (MT) to saturate the 

extravascular tissue signal at several different power levels (Kim and Kim, 2005). As the 

blood signal is minimally affected by MT saturation (Balaban et al., 1991; Hua et al., 

2009a), tissue and blood signals can be separated. Meanwhile, the blood signal can be 

tagged using ASL approaches. The signal contribution from venous blood is minimal here 

because: 1) the T2 value of venous blood at high field (9.4T) is short (5–7 ms); and 2) the 

labeled blood water magnetization is close to fully recovered in the venous compartment due 

to the long transit time for the labeled blood water spins to reach the venous vessels. 

Therefore, CBVa can be quantified by the MOTIVE approach. Exogenous contrast agents 

such as MION can also be used to label the blood signal in the MOTIVE method (Kim and 

Kim, 2005). A second approach is based on the fact that the tissue perfusion signal in ASL 

(the difference signal between the label and control scans in ASL in the tissue compartment) 

can be suppressed using the Look-Locker echo-planar imaging (LL-EPI) readout when high 

flip angle and short spacing are used (Brookes et al., 2007; Francis et al., 2008). Such 

progressive saturation of the tissue perfusion signal ensures that the measured ASL 

difference signal originates predominantly from the arterial compartment, thus allowing 

absolute CBVa to be fitted from the time course sampled with LL-EPI. Vazquez et al. 

demonstrated another method in which the extravascular tissue signal is nulled using a spin 

preparation scheme consisting of spatially selective saturation on the imaging slice followed 

by a series of non-selective inversions (Vazquez et al., 2006). The timing of the non-selective 

inversion pulses are carefully designed so that the MR signals from gray matter (GM), white 

matter (WM) and cerebrospinal fluid (CSF) are nulled when images are acquired, leaving 

the signal from the inflowing arterial blood outside of the slice-selective saturation the 

predominant detectable component.

Instead of modulating the extravascular tissue signal, one can also manipulate the blood 

signal in arterial vessels. In the inflow-based vascular-space-occupancy (iVASO) approach 

(Hua et al., 2009b; Hua et al., 2011a), arterial blood signal is nulled by spatially selective 

inversion of the blood water spins flowing into the imaging slice (similar to ASL and slab-
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selective VASO (Jin and Kim, 2008)) and acquisition of MR images when the inverted 

inflowing blood water magnetization crosses zero (nulled) during T1 recovery. Thus, by 

measuring the residual tissue and post-arterial blood signals, relative changes in CBVa 

during functional stimulation can be inferred. Furthermore, when subtracting with a 

subsequent scan without arterial blood nulling, absolute CBVa can be quantified on a voxel-

by-voxel basis (Donahue et al., 2009a; Donahue et al., 2010; Hua et al., 2009c; Hua et al., 

2011b; Rane et al., 2016). To account for the heterogeneity of arterial transit times in 

different brain regions, the iVASO difference signals can be measured at a series of post-

labeling delays (PLD) or inversion times (TI), from which absolute CBVa and arterial transit 

times can be fitted based on a biophysical model developed for the iVASO signal (Hua et al., 

2011b). Alternatively, the arterial blood signal can also be tagged using the 

pseudocontinuous ASL (pCASL) technique (Dai et al., 2008), as demonstrated in the arterial 

volume using arterial spin tagging (AVAST) approach (Jahanian et al., 2015), to measure 

relative changes in CBVa during functional stimulation. In AVAST, the images are acquired 

immediately after the pCASL labeling module (i.e. at a PLD of zero). When the repetition 

time (TR) and labeling duration in the pCASL labeling module are carefully adjusted 

according to the vascular transit times in different subjects and brain regions, the tissue 

signal can be identical in the tag and control scans, while the arterial blood signal is at 

steady state maximum in the tag scan and zero in the control scan. CBVa can then be 

determined by subtracting out the tissue signal.

In this type of CBVa method, flow-sensitive crusher gradients can be incorporated to remove 

fast flowing blood signals in large arteries (Hua et al., 2011b). Thus, CBVa measured in 

these methods can be sensitized predominantly to small pial arteries and arterioles. 

Nevertheless, the permeability of the arterial vessel walls may be altered in diseases, which 

should be taken into consideration when interpreting the measured CBVa values in such 

conditions. To mitigate this problem, the water permeability effects can be incorporated into 

existing theories for CBVa quantification. For instance, a water extraction fraction parameter 

is included in the iVASO model to account for such effects (Hua et al., 2011b). Another 

disadvantage of all ASL based methods is that it is difficult to measure CBVa when the 

arterial transit time becomes longer than the typical range of 1 – 2 s, such as in normal WM 

or diseased tissue. By the time when the labeled arterial water spins perfuse the entire 

arterial compartment, the difference in the inflowing blood water magnetization between the 

label and control scans will be too small for detection due to T1 recovery.

2.3. Approaches based on the blood oxygenation level

The oxygenation level of arterial blood in healthy brain parenchyma is usually above 95%, 

while the venous blood oxygenation level is much lower (Vazquez et al., 2010). In MRI, the 

transverse relaxation times (T2*/T2) of blood are highly sensitive to such oxygenation level 

difference (Lu et al., 2012; Zhao et al., 2007). Based on this property, Huber et al. used 

simultaneous multi-echo BOLD and VASO MRI to measure dynamic changes in CBVa and 

CBVv during a visual stimulation in humans (Huber et al., 2014). An increase of 

approximately 55% in CBVa during stimulation compared to baseline CBVa values was 

observed, in good agreement with results from similar studies using other CBVa methods 

(Table 3).
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None of the MRI approaches discussed in this section require the injection of exogenous 

contrast agents. Some of the approaches were only demonstrated for the measurement of 

relative CBVa changes (Huber et al., 2014), while the others can measure absolute CBVa in 

the brain.

3. Venous cerebral blood volume (CBVv)

The anatomy and physiology of venous blood vessels are quite different from those of 

arterial vessels (Schaller, 2004). Arterial vessels are the major active regulator of CBF, while 

venous vessels mostly dilate passively to accommodate changes in CBF. In addition to being 

an important indicator for the homeostasis of the venous compartment in the 

microvasculature, CBVv is known as a strong modulator of the BOLD signal (Buxton and 

Frank, 1997; Ogawa et al., 1993; van Zijl et al., 1998), which is primarily induced by the 

susceptibility effects from deoxyhemoglobin in venous blood. Therefore, the measurement 

of CBVv is critical for the interpretation of microvascular and metabolic origins of the 

overall BOLD signal differences observed across subjects and in different physiological and 

pathological states.

In healthy brains, the blood in venous vessels is partially deoxygenated (typically around 

60% oxygen saturation), while the blood in arterial vessels is usually close to fully 

oxygenated (typically >95% oxygen saturation) (Vazquez et al., 2010). Most CBVv MRI 

methods developed to date rely on such oxygenation level difference to separate venous 

blood vessels from the rest of microvasculature. Therefore, CBVv measured by these 

methods reflects the signals from vessels with partially deoxygenated blood, sometimes 

referred to as the deoxygenated blood volume (DBV) (He and Yablonskiy, 2007). This may 

include contributions from capillaries, venules and veins. At basal state, CBVv is 

approximately 70–80% (Table 2) of CBVtot (Piechnik et al., 2008; Sharan et al., 1989; van 

Zijl et al., 1998). During functional stimulation, the relative change in CBVv is usually 

smaller than that in CBVa, especially when the duration of the functional stimulation is short 

(Table 4). CBVv change may increase during longer functional stimuli (Akgoren and 

Lauritzen, 1999; Chen and Pike, 2009a; Kim and Kim, 2011; Stefanovic and Pike, 2005), or 

during physiological stimulation such as breathhold (Hua et al., 2010) or hypercapnia (Chen 

and Pike, 2010; Lee et al., 2001).

Since all CBVv MRI approaches that will be discussed in Section 3 use blood oxygenation 

level to separate venous blood vessels from arterial vessels, these methods are organized 

based on the type of technology utilized.

3.1. Venous Refocusing for Volume Estimation (VERVE)

Stefanovic et al. developed the VERVE fMRI method for the measurement of relative CBVv 

change during functional stimulation in the brain (Stefanovic and Pike, 2005). It is based on 

the fact that the refocusing interval of a Carr-Purcell Meiboom-Gill (CPMG) pulse sequence 

(τCPMG) only affects the T2 value of deoxygenated blood, but not T2 of oxygenated blood 

and extravascular tissue. That is, even as the effective echo time (TE) remains the same, the 

apparent T2 value of deoxygenated blood increases when τCPMG decreases. Thus, the 

deoxygenated blood signal can be isolated by comparing signals from two consecutive scans 
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following CPMG preparations with the same TE but different τCPMG (3.7 and 30 ms). The 

difference signal can then be converted to relative CBVv change using a calibration curve of 

blood T2 and oxygenation level if the venous blood oxygenation levels are known at 

baseline and during activation. During a flashing checker-board visual stimulation with a 

long stimulus duration (240 s), VERVE fMRI measured an approximately 16% CBVv 

increase from baseline in the visual cortex of healthy human brains (Stefanovic and Pike, 

2005).

3.2. Approaches based on the sampling of the spin echo signal

These approaches exploit the mesoscopic magnetic field inhomogeneities induced by 

deoxyhemoglobin in blood vessels (Yablonskiy and Haacke, 1994) to measure absolute 

CBVv. This can be achieved by sampling the exponential signal decay around the spin echo 

signal using the gradient echo sampling of spin echo (GESSE) sequence (Yablonskiy, 1998; 

Yablonskiy and Haacke, 1997) or the multi-echo gradient and spin echo sequence 

(MEGESE) (An and Lin, 2000, 2002a, b), or the asymmetric spin echo sequence (An and 

Lin, 2003). Because such methods are sensitive to background macroscopic field 

inhomogeneity which can be much larger than the oxygenation-induced susceptibility shifts, 

an extra field map (B0) scan is usually needed to correct for this macroscopic inhomogeneity 

(An and Lin, 2002a). Compared to earlier studies, the quantitative BOLD (qBOLD) theory 

(He and Yablonskiy, 2007; He et al., 2008) is a more realistic model that was expanded to 

include contributions from multiple tissue compartments. One advantage of this type of 

method is that additional physiological parameters such as the oxygen extraction fraction 

(OEF) can also be quantified with the same data and equations (Lin and Powers, 2017). It 

should be noted that most BOLD models used in these approaches assume static dephasing 

regime without accounting for the molecular diffusion effects around capillaries (Fujita, 

2001; Kiselev and Posse, 1999), which may lead to an underestimate of CBVv (Dickson et 

al., 2011; He and Yablonskiy, 2007). Besides, it has been shown that interdependence exists 

between CBVv and OEF in the models, which makes it difficult to fit these two parameters 

separately from the spin echo signal alone (Sedlacik and Reichenbach, 2010). Moreover, in 

patients with abnormal hemo-metabolic coupling, assumptions of relationships between 

these parameters are often altered compared to healthy subjects. Some of these issues 

(diffusion around capillaries, interdependence of parameters) are being addressed in more 

recent on-going developments (Christen et al., 2012; Christen et al., 2011; Christen et al., 

2014; Dickson et al., 2011).

3.3. T2*-based multi-echo approaches

Multi-echo MRI sequences can be used to measure T2* values which are highly sensitive to 

blood oxygenation level difference (Lu et al., 2012; Zhao et al., 2007). Using simultaneous 

multi-echo BOLD and VASO MRI, Huber et al. reported a 10% increase in CBVv (relative 

to baseline CBVv) during a visual stimulation in humans (Huber et al., 2014). Havlicek et al. 

found that the intercept from a linear fitting of the multi-echo BOLD signals may be a good 

estimate for dynamic changes in CBVv (Havlicek et al., 2017).
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3.4. Approaches using gas-inhalation

Hypercapnic and hyperoxic gas mixtures are potent modulators of the blood oxygenation 

level, and thus can be used as endogenous tracers to measure perfusion. By modulating CO2 

(typically 2–7%) and O2 (typically 30–100%) content in inspired gas within the typical 

physiological range, hypercapnia and hyperoxia can be induced safely in human subjects 

during MRI scans (Brueckl et al., 2006; Donahue et al., 2014; Spano et al., 2013). Inhalation 

of a hyperoxic gas mixture reduces the concentration of deoxyhemoglobin in blood vessels 

without significant vasodilation or vasoconstriction effects (thus no substantial CBV and 

CBF changes) and without significant changes in oxygen consumption (Diringer et al., 2007; 

Mark and Pike, 2012; Xu et al., 2012). Thus, the MR signal change associated with the 

change in the concentration of deoxyhemoglobin can be utilized to measure blood volume 

information. As the arterial blood is usually close to fully oxygenated during normoxia in 

healthy brain, such manipulation of deoxyhemoglobin (ratio between deoxyhemoglobin and 

oxyhemoglobin) predominately affects blood in capillaries, venules and veins, and thus 

allows the estimation of CBVv.

Bulte et al. demonstrated the feasibility of this type of method by acquiring gradient echo 

(GRE) EPI BOLD images during interleaved normoxia and hyperoxia blocks (Bulte et al., 

2007a; Bulte et al., 2007b). Absolute CBVv can be calculated from the ratio of steady-state 

tissue signals during the hyperoxia and normoxia periods, normalized by the same ratio from 

a pure blood voxel (sagittal sinus). Blockley et al. later showed that the normalization step 

may introduce additional error due to variations of baseline physiological parameters such as 

hematocrit and OEF (Blockley et al., 2013a). Instead, a quantitative model based on an 

empirical relationship between CBVv, and the BOLD signal change, PaO2 change and echo 

time (TE) was proposed, which does not require a normalization step with signals from a 

pure blood voxel. More recently, Liu et al. proposed a concomitant O2 and CO2 gas 

inhalation paradigm which can measure CBVv along with several other hemodynamic 

parameters from the BOLD images (Liu et al., 2017b). Blockley et al. also showed that 

relative changes in CBVv during functional stimulation can be measured using gas-

inhalation based methods with typical temporal resolution for fMRI studies (Blockley et al., 

2012). In addition, average venous vessel size can be quantified using a simultaneous 

gradient echo and spin echo sequence during hypercapnia and hyperoxia (Germuska and 

Bulte, 2014; Jochimsen et al., 2010; Shen et al., 2013).

The advantages of the gas-inhalation based approaches include complete noninvasiveness, 

and wide availability of the MRI pulse sequences for whole brain acquisition (basically 

BOLD fMRI sequences) on most modern clinical MRI systems. Moreover, with proper 

design of pulse sequence and/or gas-inhalation paradigm, additional physiological 

parameters such as CBF and cerebrovascular reactivity (CVR) can be extracted from one 

single scanning session (Bulte et al., 2007a; Liu et al., 2017b), which substantially improves 

its relevance as a multi-parametric clinical protocol capable of sampling multiple 

hemodynamic compensation mechanisms.

Several confounding effects may need to be considered when designing the protocol for gas-

inhalation based CBVv methods and when interpreting the results. It should be noted that 

hyperoxia can induce a number of physiological and biochemical changes in the blood, such 
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as the partial pressures of O2 and CO2, the acidity of the blood, and the binding of O2 and 

CO2 with hemoglobin (Becker et al., 1996; Bulte et al., 2007a; Christiansen et al., 1914; 

Jensen, 2004; Johnston et al., 2003a; Johnston et al., 2003b; Poulin et al., 1998; Watson et 

al., 2000). Here, when using hyperoxia as a contrast agent for the measurement of CBVv, its 

effects on CBF and CMRO2 are the most relevant. First, CBF is assumed to remain constant 

during hyperoxia in current models. However, the increase in blood O2 levels (Bulte et al., 

2007b) and the accompanying decrease in blood CO2 levels (Iscoe and Fisher, 2005) during 

hyperoxia may cause CBF reduction, which will generally lead to an overestimate of CBVv 

from the BOLD signal (Blockley et al., 2013a). This confound can be minimized by keeping 

the duration of gas inhalation relatively short, or by accounting for blood O2 and CO2 

changes in the analysis (Liu et al., 2017b; Mark and Pike, 2012; Xu et al., 2012). Second, 

hyperoxia is usually considered a global vascular challenge which is not expected to elicit 

neuronal activity. Therefore, CMRO2 is also assumed to remain constant during hyperoxia 

in current models. However, there are still debates on this question with studies from the 

literature showing increase (Rockswold et al., 2010), decrease (Richards et al., 2007; Xu et 

al., 2012), or same (Diringer et al., 2007) CMRO2 during hyperoxia compared to normoxia. 

An increase in CMRO2 during hyperoxia will result in an overestimate of CBVv with 

current theories, and vice versa (Blockley et al., 2013a). This issue warrants further 

investigation, and the CMRO2 response during hyperoxia may alter under different 

physiological and pathological conditions. Finally, extreme hyperoxia may reduce blood 

water T1 values (Siero et al., 2015), which may confound T1-weighted effects in the MR 

signals.

None of the MRI approaches discussed in this section requires the injection of exogenous 

contrast agents. Some of the approaches were only demonstrated for the measurement of 

relative CBVv changes (Blockley et al., 2012; Havlicek et al., 2017; Huber et al., 2014; 

Stefanovic and Pike, 2005), while the others can measure absolute CBVv in the brain.

4. Efforts in the investigation of flow-volume coupling in arterial and 

venous blood vessels

The coupling between CBF and CBV has been a fundamental question in physiology, and 

has been the topic for numerous studies in human and animal brains. To date, the power law 

relationship CBV = 0.80 × CBF0.38 from the seminal work by Grubb et al (Grubb et al., 

1974) in anesthetized rhesus monkeys with varying arterial CO2 tension is still widely used 

in quantitative theories for understanding the BOLD effect and for modeling the 

microvasculature. Nevertheless, accumulating evidence shows that this relationship may 

vary with many factors (Kida et al., 2007; Rostrup et al., 2005; Wu et al., 2002), such as 

species and brain region; stimulus type, strength and duration; transient or steady state 

signals, and many others. As we discussed above, arterial and venous blood vessels have 

intrinsically different physiological and functional roles in the brain. Therefore, the flow-

volume coupling may also differ in the arterial and venous compartments. As capillary blood 

is partially deoxygenated, capillaries are considered part of the venous compartment in this 

discussion. Here, we define CBVtot = CBVa + CBVv, and thus only two of the three 

parameters in the equation need to be independently measured. Main results in the literature 
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are summarized in Table 5 (again, we only included studies that measured CBVa and/or 

CBVv separately, but not CBVtot).

Using the blood velocity based method developed by (Duong and Kim, 2000), Lee et al. 

measured CBVa and CBVv in rat brains during normoxia and hypercapnia (Lee et al., 2001). 

The coupling between CBF and CBVtot (CBVtot ~ CBF0.40) was found to be similar to 

(Grubb et al., 1974), which can be linearized (ΔrCBVtot/ΔrCBF = 0.31) in the typical CBF 

range in the brain. The flow-volume coupling was significantly different in the arterial 

(ΔrCBVa/ΔrCBF = 0.79) and venous (ΔrCBVv/ΔrCBF = 0.15) compartments.

Kim et al. measured CBVa and CBF using the MOTIVE method (Kim and Kim, 2005) and 

CBVtot in the somatosensory cortex of rat brains during forepaw stimulation (Kim et al., 

2007). The following flow-volume relationships were reported: ΔrCBVtot/ΔrCBF = 0.45 

and ΔrCBVa/ΔrCBF = 1.86. The flow-volume coupling during a neuronal activation 

(forepaw stimulation here) seemed to be substantially different from the relationships 

measured during a vascular challenge (hypercapnia) that is not expected to elicit significant 

neuronal activation (Lee et al., 2001). In addition, different vascular tone in different 

anesthesia (α-chloralose vs isoflurane) may contribute to the difference as well. However, in 

both studies, the relative contributions from the arterial compartment were much greater than 

the venous compartment.

Chen et al. applied the VERVE method (Stefanovic and Pike, 2005) to measure relative 

CBVv changes during neuronal activation (simultaneous finger tapping and flashing 

checkerboard presentation) (Chen and Pike, 2009a) and vascular stimulation (graded 

hypercapnia and hypocapnia) (Chen and Pike, 2010). They reported the following 

relationships between CBF and CBVv: CBVv ~ CBF0.23±0.05 during neuronal activation, 

and CBVv ~ CBF0.18±0.02 during vascular stimulation. In addition, they found that the power 

coefficients were relatively homogeneous across different brain regions.

Hua et al. employed iVASO, VASO and ASL MRI to monitor the responses of CBVa, 

CBVtot, and CBF, respectively, in human visual cortex during brief breath-hold (vascular 

challenge) and visual stimulation with identical stimulus duration (15 s) (Hua et al., 2010; 

Hua et al., 2011c). CBVv was calculated from the difference between CBVtot and CBVa. 

The results have been reported in abstract form (Hua et al., 2010), and are summarized here 

in Table 6 and Figures 1 & 2. First (comparing across task), the relative change in CBVtot 

(ΔCBV/CBVbaseline) during breath-hold was found to be twice as large as that during visual 

stimulation, whereas relative CBVa change was comparable between the two tasks. This 

suggests that the larger CBVtot change during breath-hold may originate primarily from 

CBVv. Previous human (Donahue et al., 2009b) and animal studies (Mandeville et al., 1998) 

also reported greater CBVtot change during hypercapnia than during neuronal activation. 

Second (comparing across vascular compartment, i.e. CBVa and CBVv), the relative 

increases in CBVa, CBVv and CBVtot during breath-hold were comparable, whereas during 

visual stimulation, CBVa rose twice as much as CBVv, and CBVv change was smaller than 

CBVtot change. Thus, the dilation in the arterial compartment accounted for approximately 

20% and 40% of CBVtot increase during breath-hold and visual stimulation, respectively. 

This observation is in congruence with prior results from animal studies (Kim et al., 2007; 
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Lee et al., 2001). Finally, the relative CBF changes were comparable between the two tasks. 

This indicates that the coupling between CBVtot/CBVv and CBF differed markedly between 

breath-hold and visual stimulation, whereas the power law relationship between CBVa and 

CBF was largely preserved during both tasks, which can be expected as CBF is primarily 

controlled by arterial vessels (Table 5, Figure 2). According to the central volume theorem 

(flow=volume/transit time), these data also imply that the reduction in arterial transit times 

(calculated from CBF and CBVa) during both stimuli were small (5–10%), while the 

changes in mean transit times (calculated from CBF and CBVtot) were larger during visual 

stimulation (≈25%) than during breath-hold (5–10%). Similar observations were reported in 

rat brains (Kim et al., 2007). For instance, Meng et al. reported that blood transit times from 

carotid arteries to cortical arterial vessels and to capillaries (similar to arterial transit time) 

were not significantly changed during forepaw stimulation in rat brains (Meng et al., 2012).

The results summarized above showed considerable variations, which warrants further 

investigation. This may be due to various confounding factors such as species, use of 

anesthesia in animal studies (Meng et al., 2012), brain region, spatial resolution, stimulus 

type, strength and duration, CO2 inhalation and breath-hold which may induce different 

hypercapnic conditions (Bulte et al., 2009), and the technologies used to measure the 

parameters. Kida et al. also reported that such relationship may vary substantially during the 

transient period after stimulation onset (Kida et al., 2007). Nevertheless, it seems to be clear 

that the flow-volume coupling may differ substantially in the arterial and venous 

compartments. Therefore, independent measurements of CBVa and CBVv should furnish 

more accurate and robust results, as compared to the commonly adopted procedure that 

estimates CBV change from CBF measure using a power law relationship.

These results also reiterate the importance of CBVv change in the calibrated fMRI method 

that uses hypercapnia as a calibration state to quantify CMRO2 change during neural 

activation (Blockley et al., 2013b; Davis et al., 1998; Hoge et al., 1999), which has been 

pointed out in previous studies (Kim et al., 1999). First, the calibrated fMRI method usually 

assumes that the flow-volume coupling is identical during focal neuronal activation and 

global vascular stimulation. Second, it also assumes that CBVv change, which has dominant 

effects on the overall BOLD signal, may be approximated with CBVtot change, which may 

be easier to measure by many existing techniques. This historical assumption is based on the 

general belief that CBVa change is negligible during functional stimulation (Buxton et al., 

1998; Mandeville et al., 1999; Mandeville et al., 1998), mainly because CBVa occupies only 

around 20–30% of CBVtot at baseline (Table 1). However, as we discussed in section 2, 

accumulating evidence showed that the largest relative vasodilation during neuronal 

activation occurs in arterioles, which may account for 30–60% of the CBVtot increase. 

Furthermore, at higher fields, CBVa changes are also likely to modulate the BOLD signal in 

significant ways (Tong et al., 2018; Uludag et al., 2009). Therefore, for accurate CMRO2 

quantification using calibrated fMRI, individual CBVa and CBVv measurements during both 

stimuli may be necessary, and the signal contribution from the arterial compartment may 

need to be incorporated into the theory (Griffeth and Buxton, 2011).
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5. Clinical applications

As many of the CBVa and CBVv MRI approaches described above have only been 

developed recently, reports for their applications in clinical and basic science studies are 

currently limited in the literature. Nevertheless, pilot results from several studies have 

demonstrated potential value to measure microvascular changes in specific segments of the 

vascular tree.

5.1. Arterial steno-occlusive disease

CBVa may be an important microvascular parameter to monitor in arterial steno-occlusive 

disease in the brain, and can be affected both in patients with cervical and intracranial 

arterial stenosis (the major risk factors for new or recurrent stroke) (Donahue et al., 2017). 

Autoregulatory response to decreased cerebral perfusion pressure in the early stage of the 

disease may result in arterial dilation (thus CBVa increase) to maintain adequate CBF 

(Derdeyn et al., 2002). Using iVASO MRI, Donahue et al. measured middle cerebral artery 

territory CBVa in patients with mild (n=7) and severe (n=10) extracranial internal carotid 

artery (ICA) stenosis (Donahue et al., 2010). Slightly increased GM CBVa was observed in 

these patients compared to healthy controls. In addition, significant difference in CBVa 

between the left and right hemispheres was observed in the patients but not in the controls.

5.2. Brain tumor

Angiogenesis is a critical step of tumor growth (Folkman, 1995), which results in altered 

number of blood vessels, and thus abnormal CBVtot in tumoral regions. Therefore, tumor 

CBVtot is a perfusion measure that has demonstrated essential diagnostic value for 

predicting tumor grade and response to therapeutics (Law et al., 2004). Dynamic 

susceptibility contrast (DSC) MRI is currently the standard clinical MRI scan for measuring 

brain tumor perfusion parameters such as CBVtot and CBF (Cha et al., 2002). It was shown 

that arterioles may generate before capillaries and venous vessels in angiogenesis (Hansen-

Smith et al., 2001). Therefore, tumor CBVa may be a more specific measure for tumor 

perfusion. Several studies have measured CBVa with different MRI methods in brain tumor 

patients. All studies so far showed increased CBVa with tumor grade, and correlation 

between CBVa and CBVtot measured with DSC MRI (Hales et al., 2013; van Westen et al., 

2011; Wu et al., 2016). In one pilot study with a small cohort of patients (12 brain tumor 

patients with the World Health Organization (WHO) glioma grades of IV (n=3), III (n=3), 

and II (n=6)) (Wu et al., 2016), CBVa measured by iVASO MRI showed significant 

correlation with tumor grade (ρ=0.37, P=0.04), whereas CBVtot measured by DSC MRI in 

the same patients only showed a trend of correlation with tumor grade (ρ=0.28, P=0.5).

5.3. Schizophrenia

Schizophrenia is a devastating psychiatric disorder that affects 0.5–1% of the American 

population with disabling psychosis, negative symptoms, and cognitive impairment (Mueser 

and McGurk, 2004). Abnormal CBVtot has been reported in schizophrenia in many brain 

regions, such as the frontal cortex (Bellani et al., 2011; Peruzzo et al., 2011; Schobel et al., 

2009) and the hippocampus (Schobel et al., 2013; Schobel et al., 2009; Talati et al., 2016; 

Talati et al., 2014; Tamminga et al., 2012). However, histological studies of capillary 
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morphology did not find significant changes in postmortem brain tissue from schizophrenia 

patients (Kreczmanski et al., 2009; Kreczmanski et al., 2005; Uranova et al., 2010). 

Therefore, the CBVtot changes may originate in the other compartments of the 

microvasculature. Hua et al. adopted the iVASO MRI approach with large-vessel signal 

crushing and 3D whole brain coverage at 7T to investigate CBVa abnormalities 

(predominantly small pail arteries and arterioles) in schizophrenia (Hua et al., 2016a). 

Bilateral GM CBVa changes were detected in patients compared to healthy controls in 

multiple brain areas, such as multiple frontal and temporal regions (decrease), the cingulate 

cortex (decrease), and the hippocampus (increase). Significant negative correlations were 

found between disease duration and GM CBVa in superior temporal gyrus, middle temporal 

gyrus, and Heschl’s (transverse temporal) gyrus. These results were obtained after 

controlling for age, smoking status, and antipsychotic medication dosage.

5.4. Huntington’s disease (HD)

Huntington’s disease (HD) is a neurodegenerative disease caused by an expanding CAG 

repeat in the Huntingtin gene (Group, 1993; Ross and Tabrizi, 2011). The natural history of 

HD can be divided into manifest and premanifest periods (of motor symptoms). Mutation 

positive individuals can be identified by genetic testing many years before manifest HD, 

which provides the opportunity for therapeutic intervention to prevent or delay irreversible 

brain damage. Striatal atrophy is currently the most commonly used biomarker for HD 

(Aylward et al., 2012; Paulsen et al., 2010; Tabrizi et al., 2009). Microvascular and 

metabolic changes in the brain may occur earlier and may progress more rapidly than 

structural brain changes (atrophy) in HD (Tang et al., 2013). Indeed, abnormalities in the 

microvasculature (Drouin-Ouellet et al., 2015; Franciosi et al., 2012; Vis et al., 1998) and 

CBVtot (Cepeda-Prado et al., 2012; Lin et al., 2010) have been reported in the premanifest 

stage of HD. Increased release of vascular endothelial growth factor (VEGF), which 

regulates vessel growth, has also been observed from mutant Huntingtin striatal cells 

(Niatsetskaya et al., 2010). More recently, Drouin et al. (Drouin-Ouellet et al., 2015) and 

Hua et al. (Hua et al., 2014) both reported significant increase in CBVa in premanifest HD 

patients compared to healthy controls using two different CBVa MRI approaches (Brookes 

et al., 2007; Hua et al., 2011b). Significantly elevated CBVa values in the frontal cortex 

strongly correlated with the projected year-to-onset of motor symptoms estimated from the 

length of the CAG repeat mutation in patients (Hua et al., 2014). The relative magnitude (% 

of average control values) of CBVa changes was greater than that of total CBF and brain 

volumetric measures in premanifest HD patients (Hua et al., 2014). Such alterations in 

arterial vessels have been linked with the intercellular transportation of mutant Huntingtin 
protein in HD (Drouin-Ouellet et al., 2015).

5.5. Alzheimer’s disease (AD)

Microvascular dysfunctions have been implicated in the pathophysiology of AD (Iadecola, 

2004) at the early stages of the disease (Iturria-Medina et al., 2016). Abnormal CBF (Kisler 

et al., 2017; Leeuwis et al., 2017; Ostergaard et al., 2013) and CBVtot (Harris et al., 1996; 

Lacalle-Aurioles et al., 2014; Nielsen et al., 2017; Uh et al., 2010) have been demonstrated 

by a number of studies in AD. In a mouse model of aging, Balbi et al. showed that pial 

arteries and arterioles can be affected months before dysfunctions in capillaries and venous 
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vessels were observed (Balbi et al., 2015). Hua et al. applied the iVASO MRI approach at 7T 

to investigate the volume of small pial arteries and arterioles (CBVa) in the brain at the pre-

dementia stage of AD (Hua et al., 2016b; Hua et al., 2017). In the study, 18 subjects with 

mild-cognitive-impairment (MCI) and 22 cognitively normal controls underwent MRI scans, 

as well as 11C-Pittsburgh-Compound-B (PiB) PET scans to evaluate Amyloid-beta (Aβ) 

burden, and a battery of neuropsychological tests for cognitive assessment. The cognitive 

battery was repeated for each participant two years after the initial visit to assess cognitive 

decline over the period (2.00±0.76 years). Genotyping of Apolipoprotein E e4 (APOE4), the 

major genetic risk factor for AD (Corder et al., 1993), was also performed in all participants. 

Compared to individuals not carrying any e4-allele, the risk for developing AD is increased 

by a factor of ca. 3 in subjects carrying one e4-allele, and by a factor of ca. 10–30 for 

homozygote carriers (two e4-alleles). In MCI subjects, CBVa was significantly elevated 

compared to cognitively normal controls in many brain regions, such as frontal, temporal, 

motor, insular and olfactory cortex, and the hippocampus, many of which are known as 

signature regions for neurodegenerative brain changes in AD. Interestingly, many regions 

with elevated CBVa in MCI overlapped with regions showing increased Aβ-deposition in 

PiB PET scans in the same subjects. Indeed, recent studies revealed that pial arteries act as 

the main entry point for the transportation of protein aggregates from brain tissue to the 

circulatory system (Iliff et al., 2012). Further statistical analysis in this study showed that 

CBVa and Aβ-burden measured at baseline (the initial visit) synergistically predicted 

cognitive decline in these subjects over two years. Moreover, CBVa values in the 

orbitofrontal cortex showed a significant correlation with APOE4 carrier status in both MCI 

subjects and controls. Collectively, these results suggested the potential value of measuring 

CBVa in AD, which may be a potential biomarker in its early stage, and more importantly, 

may shed light on the pathophysiology of the disease, linking abnormalities in arterial blood 

vessels and Aβ clearance, and their synergetic effects on cognitive impairment.

5.6 Hypertension

Hypertension affects the lumen of arterial vessels (Baumbach and Heistad, 1988; Laurent et 

al., 2005), and thus may change CBVa. It has been reported that the structure of arteriolar 

vessels is altered by hypertension, whereas venules are unchanged (Harper and Bohlen, 

1984). Recent studies showed that the arterial transit time was prolonged in untreated 

hypertensive subject compared with normotensive subjects, while similar CBF was observed 

between the two groups (Lee and Kim, 2017), suggesting increased CBVa due to auto-

regulatory process to maintain sufficient perfusion. This implies that CBVa may be a 

sensitive indicator for early hypertension-induced cerebrovascular impairments. As the 

disease progresses, the damage in the cerebrovasculature worsens over time. In severely 

hypertensive rats (over 200 mmHg), CBF was significantly reduced in comparison with 

moderately hypertensive animals which had similar CBF values as control animals (Yamori 

and Horie, 1977). Another study showed that vascular resistance in small arteries and 

arterioles was higher in the established phase of hypertension than those in newly developed 

hypertension (Pires et al., 2013). These findings suggest that contributions from different 

segments of the microvasculature to the cerebral abnormalities in hypertension may vary in 

different stages of the disease.
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6. Epilog and perspective

Since its invention, MRI has evolved from a structural imaging technique to a versatile and 

powerful tool that can probe various key biophysical and physiological parameters in the 

human body. One of the main themes in the development of modern MRI technologies has 

been the continual improvement of the biological and physiological specificity of MRI 

measures. The MRI techniques discussed in this review that can quantify arterial and venous 

CBV separately represent the efforts to measure further details of the elaborate 

microvasculature, one step forward from the relatively established total CBV and CBF MRI 

approaches.

A critical next step is to validate the arterial and venous specificity of these methods with 

gold standard technologies. Most studies to date compared their measured CBVa and CBVv 

values with corresponding values estimated using other imaging modalities. Some studies 

examined the correlation between CBVa measured using their methods and CBVtot 

measured with DSC MRI (Donahue et al., 2010; Hales et al., 2013; Kim and Kim, 2005; van 

Westen et al., 2011; Wu et al., 2016). The transverse relaxation times (T2*/T2) of blood are 

highly oxygenation level dependent (Lu et al., 2012; Zhao et al., 2007). In iVASO MRI, the 

predominant arterial origin was validated by measuring the T2*/T2 values of the iVASO 

difference signal (Hua et al., 2011b), as arterial blood T2*/T2 is distinct from that of 

capillary and venous blood, as well as the extravascular tissue and CSF. As imaging methods 

that can separate arterial and venous blood vessels are relatively underdeveloped, it is not 

trivial to define a gold standard for validation. We think that invasive optical imaging 

approaches that can selectively label arterial vessels in animal brains (Shen et al., 2012) may 

serve as an ultimate validation for the MRI methods.

Many of the CBVa and CBVv MRI approaches to date can only acquire one to a few slices 

within each volume repetition time (TR). To make the techniques useful for applications in 

clinical studies and neuroscience research, whole brain coverage is essential. With advanced 

MRI pulse sequences, especially parallel imaging techniques, many of these methods can be 

expanded to cover larger imaging volumes within one TR. For instance, the iVASO approach 

was originally developed as a single slice sequence. Recently, it was extended to a 3D whole 

brain scan using a turbo field echo (TFE, also known as fast GRE) (Hua et al., 2016a) or a 

gradient spin echo (GRASE) (Rane et al., 2017) readout with typical spatial resolution for 

perfusion measures and reasonable total scan duration (5 to 10 minutes). In addition, the 

multiband techniques (Setsompop et al., 2012) can be incorporated in many existing 

sequences to improve spatial coverage and/or acquisition efficiency (Kim et al., 2013; Lee 

and Kim, 2017).

Blood vessels on the cortical surface and in deep layers as well as the penetrating arterioles 

and venules between layers may each have intrinsically different roles in the regulation of 

cerebral perfusion (Blinder et al., 2013; Huber et al., 2014; Tian et al., 2010). To investigate 

cortical depth-specific microvascular properties, the spatial resolution of the existing CBVa 

and CBVv imaging techniques needs to be improved substantially, and new approaches may 

need to be developed to achieve sub-millimeter resolution. Promising results have been 

demonstrated to use sub-millimeter CBV-weighted fMRI at ultrahigh field (7T) to parse 
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layer-dependent functional signals in human brains (Huber et al., 2017a). We believe that 

more efforts should be devoted in this regard to push the limits of current CBVa and CBVv 

MRI approaches.

Most current CBVv MRI approaches cannot separate signals from the capillaries and 

venules and veins. Although arterioles are believed to be the major regulator of tissue 

perfusion, several animal studies using optical imaging methods also showed that 

perivascular control at the capillaries can be faster than arterioles, and that the fractional 

volume change of the capillaries can outweigh that of the arterioles (Hillman et al., 2007; 

Tian et al., 2010). Therefore, MRI approaches that can quantify capillary blood volume 

exclusively may be useful tools for the investigation of capillary specific changes in the 

microvasculature.

The clinical results reviewed here are limited yet encouraging. The fact that opposite 

changes in CBVa were measured with the same approach in different diseases (increase in 

HD (Hua et al., 2014), but decrease in schizophrenia (Hua et al., 2016a)) suggests that the 

abnormalities observed are not likely due to some undetected systemic bias or artifact. We 

believe that the continual development of MRI approaches to image different segments of 

the microvascular tree in vivo will allow us to reveal the exquisite details about different 

types of blood vessels, and their respective effects on the susceptibility to various brain 

diseases.
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Figure 1. 
Results from a previous study that has been reported in abstract form (Hua et al., 2010). The 

average time courses of CBF, CBV, CBVa and CBVv evolution during breathhold (a, b) and 

visual (c, d) experiments are shown. The error bars represent inter-subject standard deviation 

(n = 10). The relative signal changes (ΔS/S) were displayed in (a, c). For better visualization 

and easier comparison, each time course in (a, c) was normalized by their individual 

maximum change (scale 0–1) and displayed in (b, d), respectively. The standard deviations 

were scaled accordingly. The vertical dotted lines in (a, b) represent the beginning of 

exhaling before breathhold. The vertical dash lines in (a–d) describe the start and end of the 

stimulation period. More experimental details can be found in (Hua et al., 2010; Hua et al., 

2011c).
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Figure 2. 
Results from a previous study that has been reported in abstract form (Hua et al., 2010). The 

power law relationships between relative CBV/CBVa/CBVv and CBF during breathhold (a, 

c, e) and visual stimulation (b, d, f) are shown. Relative CBV (rCBV) and CBF (rCBF) are 

defined as the parameters normalized by their respective baseline values. Linear regression 

was performed to fit for each α (n = 40). The standard deviations represent the 95% 

confidence intervals. More experimental details can be found in (Hua et al., 2010; Hua et al., 

2011c).
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Table 1

CBVa values reported in the literature.

Reference Species Brain Region Technique CBVa (ml/100 ml)

(Neil and Ackerman, 1992) Rat Whole brain MRI 1.00±0.15

(Duong and Kim, 2000) Rat Whole brain 19F NMR 0.9±0.2

(Lee et al., 2001) Rat Whole brain 19F NMR 0.78

(Ito et al., 2001) Human Cortex PET 1.1±0.4

(Barbier et al., 2001) Rat Cortex MRI 0.82±0.10

(An and Lin, 2002b) Human Whole brain MRI 0.74±0.20

(Ito et al., 2005) Human Cortex PET 1.5±0.3

(Kim and Kim, 2005, 2006) Rat Cortex MRI 1.1±0.5

Caudate, Putamen 1.3±0.6

(Petersen et al., 2006) Human Gray matter MRI 0.93±0.0

(Kim et al., 2007) Rat Somatosensory cortex MRI 0.83±0.21

(Brookes et al., 2007) Human Gray matter MRI 1.7±0.1

(Hendrikse et al., 2008) Human Anterior border zone MRI 0.88±0.07

Posterior border zone 1.19±0.11

Non-border zone GM 1.64±0.08

(Petersen et al., 2010) Human Gray matter MRI 0.67±0.16

(Hua et al., 2011b) Human Gray matter MRI 0.76±0.17

(Yan et al., 2012) Human Gray matter MRI 1.14 – 2.05

White matter 0.46 – 0.55

(Heijtel et al., 2016) Human Gray matter MRI 0.84±0.35

PET 3.21±0.45

White matter MRI 0.54±0.26

PET 1.87±0.31

Whole brain MRI 0.70±0.31

PET 2.60±0.38

(Kim et al., 2016) Human Gray matter MRI 1.4 – 2.3

(Rane et al., 2016) Human Cortex MRI 1.58 – 1.89

Hippocampus 2.20 – 2.32

The percentage of CBVa/CBVtot depends on the CBVtot value used, which was estimated to be approximately 20–30% in (Piechnik et al., 2008; 
Sharan et al., 1989; van Zijl et al., 1998).

Neuroimage. Author manuscript; available in PMC 2020 February 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hua et al. Page 34

Table 2

CBVv values reported in the literature.

Reference Species Brain Region Technique CBVv (ml/100 ml)

(Ito et al., 2001) Human Cortex PET 2.0±0.2

(An and Lin, 2002a) Human Whole brain MRI 2.68 – 2.97

(An and Lin, 2002b) Human Whole brain MRI 2.46±0.28

(An and Lin, 2003) Human Gray matter MRI 4.0 – 5.5

White matter 2.9 – 3.9

(Ito et al., 2005) Human Cortex PET 1.9±0.5

(Bulte et al., 2007a) Huamn Whole brain MRI 3.77±1.05

Gray matter 3.93±0.90

White matter 2.52±0.78

(He and Yablonskiy, 2007) Human Gray matter MRI 1.75±0.13

White matter MRI 0.58±0.09

(He et al., 2008) Rat Whole brain MRI 3.3±0.5

(Sedlacik and Reichenbach, 2010) Human Gray matter MRI 2.54±0.40

White matter 1.21±0.35

(Blockley et al., 2013a) Human Gray matter MRI 2.18±0.41

White matter 1.30±0.24

CBVv measured by most MRI methods developed to date reflects the signals from vessels with partially deoxygenated blood, which may include 
contributions from capillaries, venules and veins.

The percentage of CBVv/CBVtot depends on the CBVtot value used, which was estimated to be approximately 70–80% in (Piechnik et al., 2008; 
Sharan et al., 1989; van Zijl et al., 1998).
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Table 6

Relative changes in CBF, CBV, CBVa and CBVv in human visual cortex during breathhold and visual 

stimulation reported in a previous study.

ΔS/S (%) CBF CBV CBVa CBVv

Breathhold 60.8 ± 7.2 54.9 ± 5.8 53.1 ± 6.2 54.5 ± 4.9

Visual 62.5 ± 7.5 28.2 ± 5.2 53.6 ± 5.5 22.2 ± 3.8

This table summarizes results from a previous study that has been presented in abstract form (Hua et al., 2010). iVASO, VASO and ASL MRI were 
employed to monitor the responses of CBVa, CBVtot, and CBF, respectively, in human visual cortex during a 15-s breathhold and a 15-s visual 
stimulation. More experimental details can be found in (Hua et al., 2010; Hua et al., 2011c).

ΔS/S = (S active – S baseline) / (S baseline).

n = 10, mean ± standard deviation. The standard deviations represent inter-subject variations.
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