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Introduction. Cerebral blood volume (CBV) is known to adjust during periods of increased neuronal activity, as well as in ischemia where cerebral blood flow (CBF) 
may be maintained by autoregulatory vasodilation1,2. Absolute CBV quantification is possible using dynamic susceptibility contrast (DSC) MRI and paramagnetic 
contrast agents3 and relative CBV changes can be estimated non-invasively4,5. However, no non-invasive approach for generating absolute CBV maps has been 
demonstrated. We introduce an adaptation of the inflow VASO (iVASO) approach6 in which absolute arteriolar (aCBV) is quantified in units of mL blood/mL 
parenchyma. This proposed “iVASO with dynamic subtraction” (iVASO-DS) sequence is similar to CBF-weighted arterial spin labeling (ASL) as it involves 
subtraction of two images with different magnetization preparations. The purpose of this study is (1) to present the iVASO-DS theory and demonstrate the contrast 
mechanism in healthy volunteers and (2) to demonstrate clinical potential of iVASO-DS in patients with symptomatic stenotic artery disease.           
iVASO-DS. Subtraction of a null image, where inflowing longitudinal blood water 
magnetization (Mz,a) is nulled and tissue water magnetization (Mz,t) is non-zero is 
subtracted from a control image, where both Mz,a and Mz,t are in non-zero steady state 
(Fig. 1). Null image: All blood is adiabatically inverted with a non-selective inversion 
pulse after which Mz inside the imaging slice is immediately “flipped back” with a 
second inversion pulse. An inversion time (TI) is allowed, during which inverted blood 
water spins flow into the imaging slice. TI is chosen such that Mz,a=M0,a·[1-2exp(-
TI/T1,a)+exp(-TReff/T1,a)]=0, where T1,a≈1725ms (Hct~0.37, Ya~0.98)7, M0,a is equilibrium 
Mz,a, and TReff=2·TR is the time between consecutive null acquisitions. Therefore, 
inflowing Mz,a=0, yet Mz,t≠0 (T1,t≈1200ms). Control image: Two slice-selective adiabatic 
inversion pulses are applied to the imaging slice. Here, both Mz inside and outside the 
slice is unaltered. An identical TI is applied and an image is acquired. Since blood water 
outside the imaging slice has not been inverted, Mz,a≠0 at TI. CBV map: Subtraction of 
null (extravascular tissue signal) from control (extravascular tissue + blood signal) yields 
a CBV-weighted map. Note that TR/TI can be adjusted to keep inflowing null Mz,a=0. 
This blood nulling can be achieved for TI=350-1200ms, which is on the timescale of 
arterial transit times. Therefore, blood nulling in iVASO-DS is primarily pre-capillary. 
aCBV = [ΔS/(Cb·Mz,a)]·exp(TE/T2,a*), where Mz,a is the control steady-state blood 
magnetization, blood water density Cb≈0.87 mL/mL and T2,a*≈60ms (Hct=0.37; 
Ya=0.98)8. Mz,a for spins originating inside the slice (excitation at t=TR) differs from Mz,a 
for spins originating outside the slice (non-selective inversion at t=TReff). This steady-
state discrepancy has been taken into account in the quantification procedure.    
Methods. Volunteers provided informed, written consent in accordance with the ethical 
review board and were scanned at 3.0T (Siemens). Methodology study. Adiabatic 
inversion efficiency was tested in phantoms, after which iVASO-DS contrast was 
assessed by scanning healthy controls (n=5) over 11 inflow times (TI=389-1139ms; 
75ms increments). TR was adjusted to keep inflowing steady-state Mz,a=0 in null images. 
10s of dummy scanning was performed in all experiments to allow Mz to reach steady 
state. Scan parameters: Spatial resolution=2.4x2.4x5mm3, GRAPPA=2.0, TE=18ms, 
gradient echo EPI. 3D-TOF (TR/TE=22/4.3ms, spatial resolution=0.75x0.75x1mm3) for 
arterial localization and pulsed ASL (TR/TI/TE=2000/1600/39.6ms; spatial 
resolution=3.8x3.8x5mm3) for CBF quantification were included. A gray matter (GM) 
mask was generated from a T1-weighted image (TR/TI=5000/1054ms) with identical 
resolution and geometry as iVASO-DS. iVASO-DS signal with voxel SNR>2.5 was 
quantified in the GM ribbon. Clinical study. Healthy volunteers (n=8) and patients with 
symptomatic stenotic artery disease (n=8) were scanned with single-TI iVASO-DS 
(TR/TI=1492/919ms), 3D-TOF and ASL. Other iVASO-DS, 3D-TOF and ASL 
parameters were as above. Gd-DTPA DSC (TR=1482ms, TE=30ms, spatial 
resolution=1.7x1.7x3mm3) was included for independent CBF and CBV quantification.  
Results and Discussion. Methodology findings. Fig. 2a shows iVASO-DS maps 
obtained at different TIs. GM SNR increased linearly with TI, from 3.0±0.4 (TI=389ms) to 6.9±0.8 (TI=1139ms). Total iVASO-DS signal increases with TI, as can be 
seen from Fig. 2a. However, a different trend emerges when only GM voxels with proportionally high SNR are analyzed (Fig. 2b). Here, at short TI only voxels which 
partial volume with large vessels contribute, yielding higher calculated GM aCBV (3.3±0.6% mL/mL). However, for intermediate 614ms<TI<989ms, aCBV plateaus 
(2.6±0.5% mL/mL) as blood in large vessels flows out and microvascular aCBV dominates. This motivated the TI=919ms choice in the patient study. For TI>1000ms, 
blood water may begin exchanging with tissue water, thereby reducing Mz,t in control scans. For intermediate TI, exchanging blood water spins will occupy a different 
steady state from inflowing spins and will have similar steady-state Mz in control and null acquisitions, as in both scans these spins experience only excitation pulses. 
Arteriolar+capillary vasculature likely occupies 30-40% of total CBV9. Thus, based on aCBV=2.6%, total CBV≈6-7%. This is within error of literature CBV values, but 
may be slightly overestimated due to contributions from draining veins, which could be reduced in future work with saturation slabs. ASL-measured CBF=58.3±12.8 
mL/100g/min. Clinical findings. Fig. 3a shows a 3D-TOF image and iVASO aCBV map for a healthy volunteer. Fig. 3b shows a DSC-CBF map and iVASO-CBV map 
for a patient with mild right ICA stenosis (degree=40%) and symptoms (transient monocular blindness) consistent with small vessel disease. Notice elevated aCBV 
ipsilateral to symptoms despite symmetric CBF. This is consistent with vasodilatory autoregulation, which may be associated with increased stroke risk2. Thus, aCBV 
measurements may provide a more sensitive indicator than CBF of hemodynamic impairment in patients with early-stage steno-occlusive disease. aCBV in healthy 
volunteers (left: 2.8±0.9% mL/mL; right: 2.8±0.9% mL/mL) was significantly (P<0.01) smaller than aCBV in patients (ipsilateral: 4.1±1.0% mL/mL; contralateral: 
3.8±1.1% mL/mL). In addition, left/right aCBV did not differ in healthy volunteers (P>0.05), but aCBV was significantly (P=0.02) larger ipsilateral vs. contralateral to 
symptoms in patients (Fig. 3c). Conclusion. We present a modification of the iVASO approach which is capable of generating absolute aCBV maps. iVASO-DS 
produces physiologically expected aCBV values in healthy controls and is sensitive to expected hemodynamic impairment in patients with stenotic artery disease.  
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