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Abstract

Arterial spin labeling (ASL) MRI, based on endogenous contrast from blood water, is used in 

research and diagnosis of cerebral vascular conditions. However, artifacts due to imperfect 

imaging conditions such as B0-inhomogeneity (ΔB0) could lead to variations in the quantification 

of relative cerebral blood flow (CBF). In this study, we evaluate a new approach using tagging 

distance dependent Z-spectrum (TADDZ) data, similar to the ΔB0 corrections in the chemical 

exchange saturation transfer (CEST) experiments, to remove the imaging plane B0 inhomogeneity 

induced CBF artifacts in ASL MRI. Our results indicate that imaging-plane B0-inhomogeneity can 

lead to variations and errors in the relative CBF maps especially under small tagging distances. 

Along with an acquired B0 map, TADDZ data helps to eliminate B0-inhomogeneity induced 

artifacts in the resulting relative CBF maps. We demonstrated the effective use of TADDZ data to 

reduce variation while subjected to systematic changes in ΔB0. In addition, TADDZ corrected 

ASL MRI, with improved consistency, was shown to outperform conventional ASL MRI by 

differentiating the subtle CBF difference in Alzheimer's disease (AD) mice brains with different 

APOE genotypes.
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1. Introduction

Perfusion, the delivery of oxygen and nutrient rich blood to tissue, is crucial to the health 

and wellbeing of tissue especially in the brain. Noninvasive perfusion imaging is crucial to 

research and diagnosis of cerebral vascular conditions, such as stroke, brain cancer, 

neurodegenerative diseases, and other neurological disorders. Hence, perfusion MRI for the 

quantification of cerebral blood flow (CBF) maps based on endogenous arterial spin labeling 

(ASL) contrast has gained popularity in research and clinics [1-3]. ASL contrast relies on the 

signal difference between images with and without the signal from the blood water inverted 

or saturated (inverted/saturated). The image with the blood water inverted/saturated, called 

the tag image, is acquired after inverting/saturating the blood water spins in the arteries prior 

to entering the imaging plane. A complicating factor is that the RF pulse used for inverting/

saturating the blood water spins also reduces the signal from the imaging slice due to direct 

saturation (DS) and magnetization transfer (MT) effects [4]. A control image is acquired by 

tagging a plane located with equal distance but distal to the imaging slice in order to 

compensate the DS and MT effects [4] (Fig. 1A). When the static magnetic field (B0) within 

the imaging plane is homogeneous, conventional ASL MRI for CBF mapping works as 

expected.

However, given susceptibility effects, especially in murine brains, at ultra high B0, where the 

field is typically inhomogeneous (up to 0.5 ppm) within the imaging plane, the DS and MT 

effects vary disproportionately between the tag and control images (Fig. 1B), creating 

regional artifacts in the resulting CBF maps. The regional artifacts could diminish the 

quantification accuracy, potentially leading to wrong diagnosis in clinics. Hence, it is 

necessary to evaluate imaging plane B0-inhomeogeneity induced artifacts in ASL MRI.

Similarly, in chemical exchange saturation transfer (CEST) MRI, contrast is highly 

dependent on homogeneity of the in-plane B0 field. CEST molecular imaging of a particular 

metabolite relies on the difference between the signals with saturation at the exchangeable 

protons' resonance frequency (i.e., +3.5 ppm for APT [5]) and the control frequency offset 

on the opposite side of Z spectrum (i.e., −3.5 ppm for APT [5]). In CEST MRI, by acquiring 

extra data points around the desired frequency offset, B0-correction is done through a linear 

interpolation of the regional data to calculate the signal at the correct frequency offset 

according to B0 field variation, producing B0-corrected CEST contrast maps [6,7-9].

CEST and ASL MRI are similar pulse sequences. In a typical CEST MRI sequence, a 

frequency selective saturation pulse is played out globally (with no gradient) before signal 

acquisition. On the other hand, in ASL an inversion or saturation pulse is played out 

concurrent with an ASL gradient (Gasl), before signal acquisition (Figs. 1-2). With the aid of 

this gradient and a frequency selective saturation pulse, spatially selective tagging with a 

desired tagging distance is achieved. By varying the tagging distance, a tagging distance 

dependent Z-spectrum (TADDZ) can be produced with ASL MRI (Fig. 2-3) similarly to the 

CEST Z-spectrum.

Using this same concept from CEST MRI, we hypothesize that ASL MRI can be corrected 

for in-plane B0-inhomogeneity induced artifacts with TADDZ spectral data and a B0 map 
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(Fig. 2A, B). In this study, we will evaluate the B0-induced artifacts in ASL imaging and 

validate our hypothesis of B0-corrected ASL with TADDZ spectrum data.

To test our novel technique, we measured CBF in Alzheimer's disease (AD) mice that 

express either APOE3 or APOE4 gene (EFAD mice) [11]. APOE4 is the greatest genetic 

risk factor for sporadic AD, increasing risk up to 15-fold compared to APOE3 (reviewed in 

[12]). Although the role of APOE in AD is complex, data support that APOE4 induces 

cerebrovascular dysfunction in AD patients, including reduced cerebral blood flow [12]. We 

investigated if B0-corrected ASL with TADDZ spectrum improves the detection of the CBF 

reduction due to APOE4 in AD.

2. Materials and methods

2.1. MRI acquisition

MRI was performed by acquiring a series of spin echo based Signal Targeting with 

Alternating Radio frequency (STAR) [13] datasets from a central slice of mouse brain on a 

9.4 T small-animal scanner with tagging gap values of 0, 2.5, 5, 10, 15, 20, and 25 mm.

Given a slice thickness (Sthk) of 1 mm and a ASL tagging gradient (Gasl) of 0.4 gauss/cm 

these tagging gaps can be converted into off resonances (Δω) according to the following Eq. 

(1), resulting in off-resonances of ± 0.2, ± 1.3, ± 2.3, ± 4.5, ± 6.6, ± 8.7, and ± 10.8 ppm 

from the center of the slice, where the sign reflects the up-field/down-field nature of the 

control and tag saturation, respectively. The signal at those different off resonances forms a 

TADDZ spectrum.

Tagging distance = ∕(γ ⋅ Gasl)
Δω

(1)

where tagging distance is the sum of the tagging gap and half of the slice thickness, γ is the 

gyromagnetic ratio.

Tagging RF pulse being used is a standard hyperbolic secant (HS) adiabatic full passage 

(AFP) pulse with 4 μT amplitude and 10 ms duration. Other imaging parameters include 

TR/TE = 2000/9.6 ms, post labeling delay = 500 ms, field of view = 25 × 25 mm2, matrix 

size = 64 × 64, and number of average = 1. The acquisition time for a full single-slice 

TADDZ spectrum is about 4.2 min.

Field inhomogeneity, or ΔB0 map, was determined using water saturation shift referencing 

(WASSR) [10] images (from −1 ppm to +1 ppm with increment of 0.1 ppm) collected with a 

100 ms saturation pulse of 0.47 μT using a single-shot Fast Low Angle Shot (FLASH) 

sequence [6,7-9]. The acquisition time for WASSR is about 2 min.

2.2. Image processing

Relative CBF (rCBF) was computed before and after B0 correction according to the 

following equation,
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rCBF = 100 % ∗
(Sctr − Stag)

Sctr
(2)

where Sctr and Stag are the signals with the intended tagging distance of 10 mm distal and 

proximal to the imaging slice, respectively.

B0 correction was performed pixel wise by shifting the acquired TADDZ spectrum data 

according to ΔB0 (Fig. 3A, B) using a Thiel-Sen linear interpolation [14] in the range ± 2 to 

± 11 ppm to produce signals at the intended tagging distances of ± 10 mm ( ± 4.5 ppm), for 

control and tag respectively (Fig. 3C).

2.3. Animal studies

All experiments follow the UIC Institutional Animal Care and Use Committee protocols. We 

performed a study using healthy CD-1 mice (6–8 weeks old, n = 3) in which the original 

ΔB0 field was systematically changed by adding progressively increased B0 offsets (0.25, 

0.5, and 1 ppm) in order to compare rCBF maps of a central brain slice before and after B0-

correction with TADDZ. In a separate study, we scanned mice (6–8 weeks old, n = 3) after 

very fine shimming only over the imaging slice to test if rCBF maps before and after B0-

correction are matched under good shimming. In addition, we performed scans right after 

euthanizing the mice (with cervical dislocation, n = 3) to check if there is any remaining 

signal in ‘rCBF’ maps when mice are dead.

Finally, we have performed a systematical study to demonstrate the benefit of B0-correction 

with TADZZ. To assess the CBF differences between the two phenotypically different 

groups of mice, conventional ASL and TADDZ spectral data were collected from male 

APOE3 (n = 5, 8 months) and APOE4 (n = 7, 8 months) AD mice and uncorrected and 

corrected rCBF values were compared to reveal APOE phenotype induced CBF changes in 

the brain. Breeding and colony maintenance was conducted as described in refs. [11,15]. In 

this study only male EFAD mice were utilized for the purpose of consistency, as apoE 

isoform-specific interaction with Aβ are known to be influenced by gender [16]. Regions of 

interest (ROIs) in hippocampus and whole brain were manually drawn with reference to 

anatomic images.

2.4. Statistical analysis

In the MRI study of AD mice, unpaired two-tailed Student’s t-test was used to compare the 

rCBF values from APOE3 and APOE4 mice. The difference was considered to be significant 

if p < 0.05. Values are reported as Mean ± Standard Deviation (SD).

3. Results

TADDZ spectrum reflects the water signal from the imaging plane under different tagging 

distances (or frequency offset) as demonstrated in Fig. 3A. TADDZ signal can be affected by 

a few mechanisms, including direct saturation (or tagging), semi-solid magnetization 

transfer, and blood flow effects. Under homogeneous B0 conditions, when the tagging gap 

was < 0 mm, the tagging region overlaps with the imaging plane and the ASL tagging pulse 
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directly interacts with the protons of the imaging slice, resulting in minimal signal, e.g., a 

sharp dip in the TADDZ spectrum mainly due to the direct saturation effect. Away from the 

dip in the TADDZ spectrum, the ASL tagging region moves away from the imaging slice. 

Accordingly, the signal increases due to reduced direct saturation and magnetization transfer 

effects. However, besides the influence from direct saturation and magnetization transfer 

effects, ASL contrast from blood flow also contributes to the signal reduction in the 

proximal or down-field TADDZ spectrum. It is the difference between the up-field and 

down-field TADDZ spectral signals that provides the ASL contrast that reflects brain CBF, 

assuming a homogenous imaging plane B0 field, or ΔB0 = 0.

Under homogenous B0 field, the nadir of TADDZ spectrum points to the experimental 

frequency offset at 0 ppm (tagging distance of < 0 mm). However, when ΔB0 is not 0 ppm, 

the entire TADDZ spectrum shifts proportionally to ΔB0 as demonstrated in Fig. 3A. 

Without B0 correction, the conventional ASL contrast computation was contaminated by the 

asymmetric DS and MT effects. For each voxel, by shifting back the entire TADDZ 

spectrum with respect to ΔB0 (Fig. 3B) and using linear interpolation of regional data (Fig. 

3C), the B0-corrected ASL contrast can be rendered at the intended tagging distance (or 

frequency offset). As demonstrated in Fig. 3D-F, the conventional rCBF (Fig. 3D) is highly 

affected by ΔB0 (Fig. 3F) while such influence is minimized in the B0-corrected rCBF map 

(Fig. 3E).

The study in which the original ΔB0 field was systematically changed by adding 

progressively increased B0 offsets (Fig. 4 top row), TADDZ datasets were collected, and 

uncorrected rCBF maps (Fig. 4 middle row) and ΔB0 corrected rCBF maps (Fig. 4 bottom 

row) were produced. Voxel-wise standard deviation (σ) maps of the uncorrected and 

corrected rCBF maps were presented in the right most column of their respective rows in 

Fig. 4. Whereas the uncorrected rCBF maps exhibited noticeable variations due to 

systematic variation of ΔB0, the ΔB0 correction greatly reduced such variation by a factor of 

3 as demonstrated in the σ maps.

With dedicated shimming over the imaging slice, the raw rCBF map (Fig. 5A, 6.35 ± 1.59% 

within the brain) appears to be very close to the corrected rCBF (Fig. 5B, 6.65 ± 1.34%) 

with a very homogenous ΔB0 map (Fig. 5C, 0.013 ± 0.066 ppm), indicating that B0-

corrected rCBF maps are accurate. In Figs. 3-5, rCBF are higher in the hippocampus and 

thalamus regions than the rest of brain. Fig. 5D shows a representative ‘rCBF’ map from 

dead mice. The signal, 3.11 ± 0.66% within the brain, was greatly dampened across the 

whole brain.

In a pre-clinical translational study, APOE dependent AD mice (5xFAD with APOE3 or 

APOE4 genotype) were scanned using MRI. Representative rCBF maps before and after B0-

correction are shown in Fig. 6A. The difference between the uncorrected rCBF was not 

significantly different between the APOE3 vs APOE4 within the hippocampus (8.0 ± 0.9% 

vs 7.5 ± 1.6%, p = 0.31) and whole brain (6.0 ± 1.0% vs 6.3 ± 1.3%, p = 0.35). However, the 

correction with TADDZ technique improved the differentiation power by showing 

significantly higher rCBF in the APOE3 vs APOE4 within both the hippocampus (8.2 
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± 0.4% vs 7.2 ± 0.8%, p < 0.05) and the whole brain (6.7 ± 0.4% vs 5.8 ± 0.9%, p < 0.05) 

(Fig. 6B).

4. Discussion

Susceptibility variations between the head, neck, and body, make obtaining a homogeneous 

B0 field in both the imaging and tagging regions challenging, especially at ultra-high 

magnetic fields. In this study, we investigated imaging plane B0-inhomogeneity induced 

artifacts in ASL MRI and the B0-correction using TADDZ spectral data. Our results indicate 

that image-plane B0-inhomogeneity could lead to considerable variations in CBF maps. 

Along with a B0 map, TADDZ spectrum can be utilized to reduce these B0-inhomogeneity 

induced artifacts in the resulting CBF maps. We demonstrated the effective use of TADDZ 

correction to reduce test-retest variations. Initial applications were attempted with AD 

mouse models and promising outcomes were shown. As we demonstrated, TADDZ based 

B0-correction improved consistency and differentiated the subtle CBF difference in AD mice 

with different APOE genotypes. Such differentiation was not achieved using conventional 

ASL MRI.

Literature search shows that Pekar et al. had previously addressed the intrinsic asymmetric 

MT effects in ASL imaging [17]. In another related study, Janahian et al. investigated the 

tagging region's B0-inhomogeneity effect on tagging efficiency [18]. In contrast, for the first 

time, our study herein emphasizes the correction of ASL artifacts due to imaging-plane B0-

inhomogeneity.

B0-correction with TADDZ herein is achieved by varying frequency offset. Tagging distance 

can also be changed by varying ASL gradient amplitude (Eq. (1)). Variation in tagging 

frequency offset (Δω) or gradient amplitude (Gasl) both lead to varied tagging distance so 

that a Z-spectrum can be formed and used for B0-correction with the aid of a B0 map. 

Currently, we collect large range data covering tagging distance from 0 to 25 mm mainly for 

the demonstration of the concept by presenting the whole spectrum. Although a wide range 

data is collected, only a small range of data accounting for the actual B0 variation is 

effective. Linear interpretation can still be performed with small range of data for correcting 

pixel-wise B0 heterogeneity. For instance, correction for B0 variation for up to 0.5 ppm only 

utilizes data within 1.2 mm range from the desired tagging position under the current 

settings (gradient = 0.4 gauss/cm, 9.4 T). Within the small offset from the desired tagging 

distance, the differences in the labeling efficiency (vessel orientation), RF fields, and transit 

time from label plane to imaging slice should be negligible.

It is interesting to note that B0 maps may be produced directly from the TADDZ spectrum 

itself as the nadir of TADDZ locates water resonance and hence the ΔB0. However, for this 

purpose, more data around the dip may need to be acquired for the precise determination of 

B0 offset. This concept is the same as B0-mapping based on WASSR [10], where Z-

spectrum acquired with low saturation power and short duration were used to produce B0 

maps.
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TADDZ spectrum is affected by a few mechanisms, including direct saturation (or tagging), 

semi-solid magnetization transfer, and blood flow effects. Up-field Nuclear Overhauser 

Enhancement (NOE) and down-field CEST effects may also contribute to the signal [8]. 

However, the NOE or CEST effects' contribution is only appreciable under a strong and 

prolonged (up to seconds) tagging or saturation pulse. In this study, we expect such 

contributions are negligible because the tagging pulse (10 ms) is very short in duration. A 

typical CEST/NOE experiment utilizes saturation pulses in seconds long. In addition, 

TADDZ cannot correct the intrinsic MT asymmetric effect in the current form. TADDZ 

method may be improved to correct for intrinsic MT asymmetry by fitting and removing MT 

spectrum from the TADDZ spectrum similarly to previous CEST studies [19].

With good shimming over the imaging slice, rCBF maps are matched before and after B0-

correction with TADDZ, indicating that B0-corrected CBF maps are accurate in this study. 

Hippocampus and thalamus showed higher CBF than other parts of the brain, confirming 

these key brain regions are more perfused than other regions. Such spatial distribution has 

been confirmed by previous publications [20,21]. When animals were dead, ‘rCBF’ signal 

was greatly dampened across the whole brain. The remaining signal may due to intrinsic 

MTR asymmetry or other unknown factors.

TADDZ corrected ASL MRI was performed to study CBF differences in mice with AD that 

express APOE3 or APOE4 genotype. It is reported that sporadic AD accounts for > 95% of 

all cases and APOE4 is the greatest genetic risk factor, increasing risk up to 15-fold 

compared to APOE3 [22-24] and affecting the age of AD onset [25,26]. CBF changes may 

serve as an imaging biomarker for metabolic changes due to APOE4. B0-corrected ASL 

MRI with imaging plane B0-corrected rCBF improved the consistency, enhancing the 

statistical power to differentiate APOE phenotype dependent brain perfusion. APOE4 mice 

were found to have reduced CBF compared to APOE3 mice, consistent to literatures [27]. 

Compared to APOE3 mice, in male APOE4 mice there is evidence of higher cerebrovascular 

leakiness which indicates capillary breakdown, and the deposition of Aβ in larger vessels 

(likely arterioles) as cerebral amyloid angiopathy (CAA) [28]. Thus, both capillary and 

arteriole dysfunction may underlie the observed reduced CBF in male E4FAD mice.

There are a few limitations of this study. Firstly, in this study, we investigated the CBF 

variation due to B0 inhomogeneity using STAR based ASL MRI as an example. Although 

we believe, this concept should be translational to other ASL technique, such as continuous 

ASL (CASL), pseudo continuous ASL (pCASL), etc., the actual experiments remain to be 

done. In addition, B0-correction with TADDZ should be applicable to any magnetic field 

strengths and any other organs besides brain.

Secondly, we only computed the relative CBF maps instead of the quantitative absolute CBF 

maps. Producing quantitative absolute CBF maps requires a few more parameters (T1 values 

of blood and tissues, and the tagging efficiency) to be determined [29]. This remains to be 

performed in the future. This study has the focus on the proof of concept for B0-corrected 

rCBF using a representative ASL sequence.
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Thirdly, TADDZ correction requires the acquisition of more data points with which a linear 

interpolation is performed. This may prolong the acquisition time compared to conventional 

ASL imaging. However, in conventional ASL imaging, a number of averages or repeats are 

typically necessary given that ASL contrast is small (only a few percent or less). The 

number of averages or repeats may be reduced given that a interpolation algorithm is used in 

TADDZ based B0-correction with linear fitting, i.e., Theil-Sen [14], that is resilient to noise 

or outliers. The current acquisition time for TADDZ is < 5 min which is applicable for 

clinical applications. The acquisition time can be further reduced by acquiring only the data 

points with tagging frequency offsets that cover ΔB0 variations. The minimal data points to 

be acquired is two points on each side of TADDZ spectrum (4 data points in total) to allow a 

linear interpolation. That takes only ~1 min to acquire.

Lastly, linear interpolation of TADDZ data points may not be the optimum but the simplest. 

Complicated fitting of Z-spectrum using Lorentzian [8,30], super-Lorentzian [31,32], or 

multi-component (DS, MT, and ASL) fittings [8] may be alternatively used.

In summary, by removing the artifacts due to static B0 field inhomogeneity, TADDZ 

enhances the robustness of CBF quantification, improves statistical power, and may 

eventually improve clinical diagnosis.
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Fig. 1. 
The concept of conventional ASL. A) Conventional ASL contrast relies on the signal 

difference between images with and without the signal from the blood water inverted/

saturated. The image with the blood water inverted/saturated, called the tag image, is 

acquired after inverting/saturating the blood water spins in the arteries prior to entering the 

imaging plane. Typically, a control image is acquired by tagging a plane located with equal 

distance but opposite direction from the imaging slice. The conventional ASL MRI works 

only when there is no static magnetic field (B0) inhomogeneity. B) Under B0 inhomogeneity, 

tagging offset frequencies of the control plane is not equivalent to that of the tagging plane, 

leading to B0-inhomogeneity induced artifacts in the resulting CBF maps.
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Fig. 2. 
TADDZ corrected ASL MRI corrects B0 inhomogeneity induced artifacts. In TADDZ B0-

correction, the tagging distance from the imaging slice or the tagging frequency offset is 

varied, producing tagging-distance or frequency dependent Z-spectral image dataset (A). 

Along with a B0 map, TADDZ spectrum can be utilized to eliminate B0-inhomogeneity 

induced artifacts in the resulting CBF maps (B).
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Fig. 3. 
Representative TADDZ signals (A) from a pixel plotted against tagging distances (converted 

to ppm). A −0.8 ppm B0 inhomogeneity is observed from this pixel. Image reconstruction to 

obtain B0-corrected signals by unshifting according to the B0 inhomogeneity (B) then 

interpolating signals at intended tagging distance (C). The O and X markers are the signal 

that was intended to be acquired. The corrected values are determined using linear 

interpolation (solid black lines) and interpolation. Sample rCBF maps before correction (D) 

after correction (E) and the corresponding ΔB0 map (F).

Damen et al. Page 13

Magn Reson Imaging. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Demonstration of TADDZ corrected ASL MRI that corrects B0 inhomogeneity induced 

artifacts. Top row shows the ΔB0 maps. Middle row shows the uncorrected CBF maps 

produced from conventional ASL MRI, whereas the bottom row shows the B0-corrected 

CBF maps from TADDZ MRI. The columns, from left, depict the experiments by manually 

shifting ΔB0 by 0, 0.25, 0.5, and 1 ppm, respectively. The last column depicts the voxel-wise 

standard deviation (σ) of the CBF maps within their row. The upper right image is a T2-

weighed (T2W) image showing the brain anatomy.
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Fig. 5. 
Raw and B0-corrected rCBF maps (A, B) with ΔB0 map (C) after fine shimming over only 

the imaging slice. A representative ‘rCBF’ map after mice were euthanized is shown in D.
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Fig. 6. 
TADDZ correction produced B0-corrected CBF maps can differentiate the subtle CBF 

difference between APOE3 and APOE4 genotyped Alzheimer's disease. A) Representative 

brain images from an APOE3, top row, and an APOE4, bottom row, mouse. Columns from 

left to right are T2 weighted image, ΔB0, uncorrected (from conventional ASL MRI), and 

corrected rCBF maps with TADDZ, respectively. B) Bar chart depiction of the rCBF 

differences between APOE3 and APOE4 mice, uncorrected (conventional ASL MRI, left) 

and corrected (TADDZ MRI, right) within the hippocampus (left chart) and whole brain 

(right chart). *p < 0.05.
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