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Abstract

Purpose: To present a novel MR pulse sequence and modeling algorithm to quantify the water
exchange rate (k) across the BBB without contrast, and to evaluate its clinical utility in a cohort
of elderly subjects at risk of cerebral small vessel disease (SVD).

Methods: A diffusion preparation module with spoiling of non-CPMG signals was integrated
with pseudo-continuous ASL (pCASL) and 3D GRASE readout. The tissue/capillary fraction of
the ASL signal was separated by appropriate diffusion weighting (b=50s/mm2). k,, was quantified
using a single-pass approximation (SPA) model with total generalized variation (TGV)
regularization. Nineteen elderly subjects were recruited and underwent two MRIs to evaluate the
reproducibility of the proposed technique. Correlation analysis was performed between k,, and
vascular risk factors, clinical dementia rating (CDR) scale, neurocognitive assessments and white
matter hyper-intensity (WMH).

Results: The capillary/tissue fraction of ASL signal can be reliably differentiated with the
diffusion weighting of b=50 s/mm?, given ~100-fold difference between the (pseudo) diffusion
coefficients of the two compartments. Good reproducibility of k,, measurements (ICC=0.75) was
achieved. Average ky, was 105.0+20.6, 109.6+18.9 and 94.1+19.6 min~2 for whole brain, gray and
white matter. ky, was increased by 28.2%/19.5% in subjects with diabetes/hypercholesterolemia.
Significant correlations between k,,, and vascular risk factors, CDR, executive/memory function
and the Fazekas scale of WMH were observed.

Conclusion: A diffusion prepared 3D GRASE pCASL sequence with TGV regularized SPA
modeling was proposed to measure BBB water permeability non-invasively with good
reproducibility. k,, may serve as an imaging marker of cerebral SVD and associated cognitive
impairment.

"Corresponding Author: Danny JJ Wang, PhD, MSCE, Laboratory of FMRI Technology (LOFT), Mark & Mary Stevens
Neuroimaging and Informatics Institute, Keck School of Medicine, University of Southern California (USC), jwang71@gmail.com,
Phone: 323-442-7246.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al.

Keywords

Page 2

Blood-brain barrier (BBB); Arterial spin labeling (ASL); Water permeability; Diffusion;
Perfusion; Gradient and spin echo (GRASE); Small vessel disease (SVD)

INTRODUCTION

The blood-brain barrier (BBB) is formed in part by the endothelial cells of cerebral blood
vessels with intercellular tight junctions (TJs) (1,2). The BBB plays a critical role in
regulating the delivery of oxygen and nutrients to the brain, clearance of toxic metabolites,
and protection of the central nervous system (CNS) from infection (3). Accumulating
experimental and clinical evidence indicate that compromised or impaired BBB is associated
with a number of serious CNS diseases including multiple sclerosis (MS), stroke, brain
tumors, CNS infection, small vessel disease (SVD) and Alzheimer’s disease (AD) (1,3-5).

Recent evidence suggests that the BBB has limited permeability to water molecules as well
(6-13). Within the CNS, the TJs between BBB endothelium cells and the lack of
fenestrations in the endothelium itself prohibit water filtration. The majority of water
molecules pass through the BBB via “water channels” consisting of a protein termed
aquaporin (14). With a diameter on the order of a single water molecule, aquaporin only
allows for diffusion of one molecule at a time (15). This limited water exchange across the
BBB has physiological significance in protecting the brain from edema and swelling. This
effect therefore provides the physiological basis for using water exchange rate as a surrogate
index of BBB integrity and permeability.

Existing imaging approaches to assess BBB permeability include PET and MRI by
monitoring the (dynamic) uptake of contrast agents in brain tissue. PET, a method that is
expensive and involves radioactivity, has been the primary tool used by the pharmaceutical
industry to assess the CNS uptake of radioisotope labeled ligands or candidate drugs with
high specificity (16). To date, dynamic contrast-enhanced (DCE) MRI using intravenous
injection of gadolinium (Gd) based contrast agents (GBCAS) has been the most widely
applied method for imaging BBB permeability in clinical settings (17). Quantitative analysis
of the degree of BBB permeability (expressed as the volume transfer constant, Ky, has
been achieved using pharmacokinetic modeling (18,19), or alternatively using first-pass
T2*-weighted dynamic susceptibility contrast (DSC) MRI (20,21). However, GBCAS can
have complications in persons with compromised kidney function, and have been linked to
permanent Gadolinium deposition in the brain, especially in persons undergoing repeated
scans. Both the US FDA and ISMRM have recently issued statements to limit the use of
GBCA:s to clinical circumstances in which the additional information provided by the
contrast is necessary (22).

An alternative to exogenous contrast agents is water, which is an abundant and endogenous
tracer with limited permeability across BBB. Since GBCAs have relatively large molecular
weights (Gd-DTPA 550 Da), BBB permeability has to reach a critical level before
extravasation occurs (23,24). Water molecules have much smaller molecular weight,
assessing BBB water permeability could potentially provide a more direct and sensitive
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biomarker of BBB function at the early stage of disease progression. Arterial spin labeling
(ASL) perfusion MRI permits noninvasive measurement of cerebral blood flow using
magnetically labeled water as an endogenous tracer. Water exchange across the BBB can be
quantified based on ASL signal fractions in the intra- and extravascular compartments.
Diffusion-weighted (DW) ASL techniques have been proposed to differentiate the fraction
of labeled water in capillary and brain tissue based on their distinctive (pseudo) diffusion
coefficients (high in capillary and low in tissue) (13,25). This DW ASL technique has
recently been validated by mannitol administration to open BBB and using an ischemia-
reperfusion model to disrupt BBB in rats (26,27). Altered BBB water permeability has been
detected by DW ASL in subjects with obstructive sleep apnea compared to controls (28).

However, existing DW ASL techniques employed 2D echo-planar imaging (EPI) readout
resulting in relatively low SNR and reliability. The purpose of this study was to present a
new pulse sequence with diffusion prepared pseudo-continuous ASL (pCASL) with
background suppressed 3D gradient and spin echo (GRASE) readout. The test-retest
reproducibility of this diffusion prepared 3D GRASE pCASL sequence was evaluated with
repeated scans approximately 2 weeks apart. The clinical utility for detecting subtle changes
of BBB permeability was evaluated by performing the proposed sequence in a cohort of
elderly subjects at risk of cerebral SVD through correlations of water permeability with
known risk factors and behavioral phenotypes of SVD.

Modeling of water exchange rate (kw) across BBB

According to the Renkin-Crone equation (29,30), the permeability surface product of water
(PS,) can be calculated based on the water extraction ratio (£,,) and cerebral blood flow
(CBF):

PS, = —In(1-E,)xCBF [1]

To estimated E,y, a long post-labeling delay (PLD) is usually required to allow complete
extraction of labeled water into tissue space (31). Due to T1 relaxation, the low SNR of
remaining ASL signal makes it impractical to generate reliable voxel-wise water exchange
rate map.

St Lawrence, et al, proposed a single-pass approximation (SPA) solution to model pCASL
signal in the capillary and brain tissue compartments while incorporating the exchange rate
of water from blood to tissue (4,,) (12):

2¢-CBF -My —(R|, -k, + Rla))ATT(e—(kW +R =8 =k +R )

AMC([)= —WE —e€ ) [2]
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where AMJ?) and AM(t) are ASL signals from the capillary and tissue space, respectively;
eis labeling efficiency, & is labeling duration, A is the partition coefficient of water in the
brain, Ry ,and Ry are the longitudinal relaxation rate of arterial blood and brain tissue,
respectively. Ry, was assumed to be 0.601 s1 (32). Voxel-wise Ry, map was fitted from
background suppressed control images acquired at two PLDs according to (33). The water
exchange rate &, defined as capillary permeability surface-area product of water (PS,,)
divided by distribution volume of water tracer in the capillary space (V), was calculated
based on a monotonic relationship with the fraction of capillary signal at a given arterial
transit time (A77), as demonstrated by figure 2 in (25):

k

w

f(A.ATT)
A M (1) [4]
AM()+ AMD)

A =

where fwas derived from Eqgs. [2, 3]. Capillary signal would be suppressed by a small
diffusion gradient due to its pseudo random motion, and A; can be calculated by:

AM,

DW [5]

Ar=1=—x73,

PLD
b — value

(s'mm?) indicated by superscript and subscript respectively. The appropriate diffusion
gradient with a weighting of bpys which suppresses capillary signal while imparting
minimal effect on tissue signal, can be determined by bi-exponential fitting of the DW
pCASL signals acquired at multiple b-values. ATT was estimated by the flow-encoding
arterial spin tagging (FEAST) method (34), as a function of the ratio of the vascular
suppressed (with diffusion weighting b477= 14 ss'mm2, VENC = 7.5 mm/s) ASL signal to
the total signal acquired at a short PLD (900 ms):

where A M is ASL signal with specific post-labeling delay (PLD) (ms) and b-value

A M
ATT

ATT =g
NV

(6]
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Estimation of k,, with TGV regularized SPA model

According to (25), estimated ky, is sensitive to noise when tissue fraction is close to 1. A
Gaussian filter can be applied to ASL images to improve SNR, however, a pre-defined
threshold of k,, was still required to exclude spuriously high values in local regions. Instead
of using a Gaussian filter, we propose a novel total generalized variation (TGV) regularized
SPA modeling algorithm for estimating ATT and k,,. TGV is an improved mathematical
framework based on minimizing both first and second-order total variation (TV) for MRI de-
noising or undersampled reconstruction, which minimizes blotchy (or oil painting like)
appearance in MRI images reconstructed with traditional TV algorithm (35). ATT and ky,
can be estimated from DW pCASL data acquired at the PLD of 900 and 1800ms with
respective b values:

900 \||2
in | o . |ATT — % +a,|VATT — ATT'| +@|VATT/+VATT’T [7]
(AT o ||+ 3 1
2
1800 2
in| - - Ik 1 Moy ATT Vi — k| + 2k 4+ vie T 8
argminl o7 -k = | 1= gm0 AT ||+l VA, =K+ Ve + VR |8
w ot w 0 )

where A = 0.05 is the weighting factor balancing data fidelity and TGV penalty function,V
donates discrete differentiation,aq = 1 and ag = 2, which were recommended by (35),
balances between the first and second derivative of ATT and ki, map.

METHODS

Diffusion prepared 3D pCASL pulse sequence

Figure 1 shows the diagram of the diffusion-prepared (DP) 3D GRASE pCASL sequence,
which consists of 4 modules of pCASL labeling, background suppression, diffusion
preparation and GRASE readout. Diffusion preparation was implemented before the
GRASE readout, as shown in figure 1 (b). Diffusion gradients were formulated in bipolar
pairs along the slice direction and their timing was optimized to minimize the eddy current
according to (36). Non-selective pulses were used to compensate for field inhomogeneity
and two refocusing pulses consisted of MLEV composite pulses to ensure robust refocusing
(37). The transverse signal was then tipped-up before readout followed by spoiler gradients
along three axes to destroy residual transverse magnetization.

Since bulk motion during the diffusion encoding induces spatially varying phase shift ¢o, an
additional de-phasing gradient was applied along phase-encoding (PE) direction after the bi-
polar gradients to induce a linear phase increment along PE. The purpose of this additional
de-phasing gradient was to spoil the non-CPMG signal caused by ¢y, as originally proposed
by Alsop (38). A pair of re-phasing and rewound de-phasing gradients were added before
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and after each refocusing pulse to balance the gradient moment, as demonstrated in figure 1

(©).

MRI experiments

All subjects underwent MRI scans on a Siemens 3T Prisma system (Erlangen, Germany)
using a 20-channel head coil after they provided informed consent according to a protocol
approved by the Institutional Review Board (IRB) of the University of Southern California.
A total of twenty-eight subjects participated in this study including four healthy volunteers
(3 male, age = 34+11 yrs) for pulse sequence optimization, nineteen aged subjects (7 male,
age=68.8+7.6 yrs, all Latinos) enrolled from the MarkVCID study (www.markvcid.org) for
clinical evaluation of the developed pulse sequences and five subjects from the same cohort
(2 male, age=68+6 yrs) for comparison with 2D DW-pCASL. Imaging parameters for the
diffusion-prepared GRASE pCASL sequence were: FOV = 224 mm, matrix size = 64x64,
12 slices (10% oversampling), resolution = 3.5x3.5x8 mm?3, turbo factor = 14, EPI factor =
64, bandwidth = 3125 Hz/pixel, TE = 36.5 ms, TR = 4000 ms, label/control
duration=1500ms, centric ordering, timing of background suppression was optimized
according to (39), duration of four diffusion gradient lobes = 3.4/5.1/5.5/3.0 ms.

To determine the optimal bpyy the proposed sequence was performed in four healthy
subjects with three PLDs (1500, 1800 and 2100 ms) and six b-values (b = 0, 10, 25, 50, 100,
200 s/mm2). Twenty repetitions (2 mins 40 secs) were acquired for each b value. Bi-
exponential fitting of ASL signals with six diffusion weightings was conducted to calculate
the diffusion coefficients for capillary (D;) and tissue (Dp) compartments, and to determine
the appropriate bpyy which suppress capillary signal with minimal effect on tissue signal:

AM,

~b-D, ~b-D,
AMO=Al-e +(1-A)-e [9]

We employed the two-stage approach proposed by St Lawrence et al (25) to measure ATT
and k. Fifteen repetitions were acquired for each b-value of the FEAST scan at PLD = 900
ms with a total acquisition time of 4 mins. ky, was calculated from scans acquired at PLD =
1800 ms, when the labeled blood reaches the microvascular compartment, with b=0 and
bpw. Twenty repetitions were acquired for each b-value of the k,, scan, and the total
acquisition time was 6 mins. An extra reference image without background suppression was

acquired at the PLD of 2000 ms to generate cerebral blood flow (CBF) and Ry, map (33).

CBF was calculated from the reference image and A M(l)800 according to (40), using blood-

tissue water partition coefficient = 0.9 g/ml and labeling efficiency = 77%.

Evaluation in elder subjects at risk for small vessel disease (SVD)

MRI scans were performed in a cohort of elderly subjects enrolled in the MarkVVCID study.
Nineteen subjects were recruited and underwent two MRIs approximately 2 weeks apart to
evaluate the reproducibility of the proposed sequence. Test-retest MRI scans were conducted
on similar times of the day to minimize potential effects of circadian rhythms, and subjects
were abstinent from caffeine intake 3 hours before MRI scans. For comparison, 2D DW-
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pCASL scans were performed in five subjects from the same cohort. Imaging parameters of
the 2D DW-pCASL were: FOV = 224 mm, matrix size=64x64, 7/8 partial Fourier factor, 12
slices, ascending ordering, slice gap = 1 mm, resolution = 3.5x3.5x8mm3, bandwidth = 3125
Hz/pixel, TE = 48 ms, TR = 4300 ms, label/control duration=1500ms. Fifteen pairs were
acquired at PLD=900ms with b = 0 and 10 (VENC=7.5 mm/s) ssmm? and 20 pairs were
acquired at PLD=1800s with b = 0 and 50 s/mm? respectively.

Clinical assessments

Subjects underwent a physical exam, medical history evaluation (hypertension, diabetes,
hypercholesterolemia) and blood draw before the first MRI scan. Presence or absence of
hypertension, diabetes and hypercholesterolemia was defined by a prior diagnosis and/or
current treatment for these conditions. Vascular risk factor (0-3) was calculated as the
combination of presences of hypertension, diabetes or hypercholesterolemia.
Neuropsychological assessment was performed using the Alzheimer’s Disease Centers’
Uniform Data Set v3 (UDS3) as well as the NIH toolbox. Volumes of white matter hyper-
intensity (WMH) was manually segmented by a clinical fellow from T2-weighted Fluid-
Attenuated Inversion Recovery (FLAIR) images (resolution = 1x1x1 mm3, inversion
time/TE/TR=1800/388/5000 ms) using ITK-SNAP (www.itksnap.org) (41). The Fazekas
scale of WMH was rated for each subject according to (42). Clinical information and
descriptions of all clinical assessments are summarized in Table 1.

Data analysis

Control/label images were corrected for rigid head motion off-line using SPM12 (Wellcome
Trust Centre for Neuroimaging, UCL) and subtracted to obtain perfusion images. Temporal
fluctuations in the difference image series owing to residual motion and physiologic noise
were minimized using an algorithm based on principal component analysis (43). k,, and
ATT maps were generated with TGA regularized SPA model using average DW pCASL
signals acquired at the PLD of 900 and 1800ms, as well as the Ry, map generated from
background suppressed control images in each individual subject. The alternating direction
method of multipliers (ADMM, http://web.stanford.edu/~boyd/papers/
admm_distr_stats.html) algorithm was implemented in Matlab to solve Egs. [7, 8].

Average k,, and ATT were measured for the whole brain, gray matter (GM) and white matter
(WM), respectively. GM and WM masks were segmented using SPM12 based on co-
registered 3D magnetization prepared rapid gradient echo (MPRAGE) images. The test-
retest reproducibility of average k,, and CBF in the whole brain was quantified by intra-class
correlation coefficient (ICC). The ky, maps were then normalized into the canonical MNI
space, and the ICC of k, was also computed in eight regions of interests (ROISs) related to
AD: frontal lobe, temporal lobe, parietal lobe, hippocampus, parahippocampal gyrus,
anterior/posterior cingulum, precuneus (44). Correlation between average k, from both test
and retest scans and clinical/behavioral assessments were evaluated using mixed effects
linear regression model implemented in STATA 13.1 (College Station, Texas), incorporating
age and gender as covariates and time (test/retest) as the random variable. Mixed effects
linear regression was also performed to evaluate the correlation between average k,, and
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CBF from test and retest scans. Two significant levels were set as P value less than 0.05 and
0.005 (2-sided).

RESULTS

Optimization of 3D Diffusion Prepared pCASL

Figure 2 shows DW pCASL perfusion images of a single slice acquired at 3 PLDs and six b-
values. The DW pCASL signal intensity decays with increasing PLD or b-values. Average
perfusion signal intensity from four subjects (marks) and bi-exponential fitting results
(curves) are shown in figure 3 (R = 0.997, 0.988 and 0.996 for the bi-exponential fitting of
perfusion signals at PLD = 1500, 1800 and 2100 ms respectively). On average, 76%, 85%
and 89% of labeled blood enters brain tissue space at the PLD of 1500, 1800 and 2100 ms,
respectively. Estimated (pseudo) diffusion coefficients of capillary/brain tissue (D/Dy) were
0.08/0.0010 mm?/s, 0.09/0.0009 mm?/s and 0.05/0.0006 mm?/s at the PLD of 1500 ms,
1800 ms and 2100 ms, respectively. Based on these results, bpyy = 50 s/mm?2 and PLD =
1800 ms were chosen for subsequent k,,, measurements, where perfusion signal in capillary

and brain tissue compartments were 1.1% and 95.6% of its original signal intensity,

respectively. In other words, perfusion signal A m15% contains 1.1% and 98.9% of capillary

and tissue signal, respectively. The differentiation between capillary and tissue space is
reliable given the large diffusion coefficient difference (~100 fold) between the two
compartments. A sensitivity analysis with #20% change in bpyy (50 s/mm?) would induce
only ~+1% change in remaining capillary signal according to Eq. [9].

TGV regularized SPA model

Figure 4 shows the comparison results from direct SPA modeling with a Gaussian filter (first
row) and the proposed SPA modeling with TGV regularization (second row). Figure 4 (a, b)
show the perfusion maps acquired at the PLD of 900 ms without and with diffusion
weighting for vascular signal suppression (b = 14 s/mm?2), respectively. Figure 4 (d, e) show
the perfusion maps acquired at the PLD of 1800 ms without and with diffusion weighting for
suppression of the microvascular/capillary signal (b = 50 s/mm?). A 3D Gaussian filter with
a full-width at half maximum (FWHM) of 5 mm was applied to obtain the perfusion images
in the first row of figure 4 (a, b, d, e). Figure 4 (c) shows estimated ATT maps. Prolonged
ATT is observed in the posterior area, which is consistent with previous findings (34). Figure
4 (f) shows the k,, map estimated from direct SPA modeling (first row) and the proposed
TGV regularized SPA modeling (second row). Direct SPA modeling with a Gaussian filter
generates smoother k,, maps while TGV regularized SPA modeling preserved the original
image resolution. The local bright regions (indicated by red arrows, k,,>200 min~1) with
spuriously high k,, values in direct SPA modeling were suppressed by TGV regularized SPA
modeling.

Test-retest repeatability of DW pCASL

Figure 5 shows six slices of k,, maps from test-retest scans (global k,, = 95.3 and 96.5 min
~1) acquired by the proposed sequence of one representative subject (Female, 64 yrs).
Average k,, values of the whole brain acquired at the second scan are plotted against the ki,

Magn Reson Med. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al.

Page 9

values acquired at the first scan, as shown in figure 6 (a). A good test-retest reproducibility
(ICC = 0.75) was achieved for the proposed diffusion-prepared 3D GRASE pCASL
sequence, while poor reproducibility was observed for 2D DW-pCASL results (ICC=0.21)
(supplemental figure S1). Table 2 summaries the average k,, and ICC values of test and
retest measurements from nineteen subjects in the eight ROIs. The ICC ranges from 0.17 in
parahippocampal gyrus and 0.3 in hippocampus to 0.63 in precuneus and 0.72 in frontal
lobe, with an average of 0.52.

Estimated average ky, was 105.0+20.6, 109.6+18.9 and 94.1+19.6 min~! for the whole brain,
GM and WM, respectively, which corresponds well with the literature (25). Average ATT
was 1242.1+111.1, 1220.6+100.2 and 1288.8+113.7 ms for the whole brain, GM and WM,
respectively. The measured ATT values fall into the lower end of the literature values (34),
which may be caused by the single-excitation of the GRASE readout as compared to the
previous 2D sequential slice acquisitions.

Average global CBF = 45.6+11.6 ml/100g/min across nineteen aged subjects from both test
and retest scans. CBF values of the whole brain acquired at the second scan are plotted
against the CBF values acquired at the first scan, as shown in figure 6 (b). ICC = 0.85 for
CBF acquired from test and retest scans. No significant correlation was found between ki,
and CBF (8=0.35, P=0.22).

Evaluation of DW pCASL in Aged Subjects at Risk of SVD

Table 3 summarizes the results of mixed effects model analysis of k, (whole
brain/lGM/WM) using clinical and behavioral assessments as the independent variables, age
and gender as covariates and time (test-retest) as the random variable. Significant
correlations with Pvalues smaller than 0.05 and 0.005 are indicated by asterisks in the table.
No significant correlations between k,, and age/gender were found in this study. Increased
ky was found in subjects with type 2 diabetes (£=25.7, £<0.001) (figure 7 (a)) and
hypercholesterolemia (8=17.8, £=0.04) (figure 7 (b)), which is consistent with DCE-MRI
(45) and biochemical studies (46). Increased ky, was found in subjects with higher vascular
risk factors (5=9.4, P=0.02) (figure 7 (c)). Both the global (CDR-GS, =44.6, £=0.002) and
sum of box scores (CDR-SB, =21.0, P=0.001) of the CDR were significant predictors of ki
(figure 7 (e, f)), which indicates increased BBB permeability is associated with a greater
severity of functional impairment. NIH toolbox measurements: DCCs (£=-1.10, £=0.02),
PSMTa (5=—0.98, P=0.03) and PSMTb (8=-1.19, P=0.001) were significant correlated with
kw, and a trend of negative correlation was found between Flanker (5=-0.58, £=0.08) and
ky (figure 7 (g-j)), which indicates increased BBB water permeability is associated with a
lower level of cognitive flexibility, worse episodic memory and a trend of decreased
attention/inhibitory control. k, was also significantly correlated with the Fazekas scale of
WMH (5=10.61, P=0.04) (figure 7 (d)), which indicates kyy is associated with severity of
WMH. A positive correlation between k,, and WMH volume was also observed in this study
but failed to reach significance (£=1.68, £=0.20).
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DISCUSSION

Diffusion-prepared 3D GRASE pCASL for non-contrast k,, measurement

We proposed a new MR pulse sequence for DW-pCASL with improved test-retest
repeatability by integrating a diffusion preparation module optimized for minimizing eddy
current and spoiling of non-CPMG signals with 3D background suppressed 3D GRASE
pCASL to quantify the water exchange rate (k) across the BBB. Since water molecules are
much smaller than the GBCAs and trans-capillary water exchange is mainly through
aquaporin, assessing ki, could potentially provide a more direct and sensitive assessment of
BBB dysfunction at an earlier stage of disease progression compared to conventional
contrast enhanced MRI. The proposed technique is capable of generating whole brain ATT
and k, map within 10 mins, which is comparable to or shorter than clinical DCE-MRI
protocols. Without any radiation or contrast injection, the proposed technique is suitable for
repeated scans for longitudinal studies or populations not suitable for DCE MRI (e.g.
children and subjects with renal dysfunction). The ICC of the test and retest scans of the
propose diffusion prepared 3D GRASE pCASL sequence is 0.75 for the whole brain across
repeated scans two weeks apart, which is comparable to or slightly lower than reported test-
retest reproducibility of ASL CBF measurements (47). Fair to good reproducibility
(ICC~0.5-0.75) of ky, in ROIs was also observed except for smaller regions such as the
hippocampus and parahippocampal gyrus. These data suggest that k,, may provide a reliable
biomarker of BBB function to track disease progression and treatment effects in a clinical
trial on SVD and/or dementia.

Three-dimensional GRASE was recommended by the ASL white paper (40) for clinical
implementations of pCASL perfusion MRI (39). However, it has been challenging to
combine diffusion weightings with 3D turbo-spin echo (TSE) based sequences (48).
Diffusion gradients induce extra phase due to bulk motion (e.g. head movement or
respiration). Violation of the CPMG condition causes rapid signal decrease in regions where
induced phase is not along MG phase direction, leading to dark bands or shades in images
(48). Ensuring the refocusing pulse to be exactly 180° is the most straightforward approach
to avoid the phase sensitivity, which is not commonly used due to SAR limitations and a
small deviation from 180° is sufficient to introduce artifacts. Motion compensated diffusion
preparation has been proposed to reduce the sensitivity of TSE to bulk motion (37).
However, it is not suitable for the FEAST scheme to measure ATT since vascular signal is
compensated. Other methods including echo splitting (49), which doubled the echo spacing,
or quadratic phase modulation of refocusing phases (50), which requires long echo train,
have been proposed. However, these methods are not suitable for this study because long
GRASE readout causes image blurring due to T2 relaxation. The non-CPMG diffusion
preparation adopted in this study has been proven to be robust to motion, however, at the
cost of half signal loss (38). In the present study, we used a relatively thick slice (8 mm) to
compensate for SNR loss.

TGV Regularized SPA Modeling of BBB Water Permeability

Another innovation of the present study is TGV regularized SPA modeling. In the original
SPA modeling strategy (25), the estimated k,, is very sensitive to noise when the tissue
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fraction is close to 1 (see Figure. 2 of (25)). This challenge is accentuated by the relatively
low SNR of ASL signals. Including spatial regularization in the SPA modeling would
improve the reliability of k, estimation, which typically employs the TV metric. The TGV
is an improved mathematical framework based on minimizing both first and second-order
TV to avoid blotchy appearances commonly seen in TV constrained image reconstruction
(35), which has also been applied for ASL de-noising (51). In the present study, we were
able to preserve the original image resolution, minimizing spuriously high k, values while
improving SNR using TGV regularized SPA modeling. Sensitivity analysis of ky, versus
weighting factor A was performed by calculating ki, in a representative subject with A
varying from 0.01 to 0.10 at a step size of 0.01, about +5% changes of k,, was observed as
compared to the k,, calculated with A = 0.05. Using the ADMM algorithm, the average
calculation time was within one minute on a stand-alone computer (2.3 GHz dual-core
processor).

BBB Impairment, Cerebral Small Vessel Disease and Dementia

There is growing evidence indicating that BBB permeability increases with age and these
changes are accelerated in microvascular disease and dementia (4,23,52). Loss of BBB
integrity may contribute to the progression of SVD by allowing neurotoxins access to the
brain and causing ionic imbalance, an inflammatory response around vessels and eventually
demyelination of white matter fibers (5). Elevated levels of alboumin, which does not cross
intact BBB, in cerebrospinal fluid (CSF) has been reported in patients with vascular
dementia (53,54). The BBB dysfunction has also been implicated in the pathogenesis of AD
(55,56). Currently, assessment of BBB permeability relies on CSF sampling and/or DCE
MRI using GBCAs. Biochemical assays of CSF require lumbar puncture while DCE MRI
requires administration of contrast and long scan time (>15min). In addition, since albumin
(66 kDa) and contrast agents (550 Da) have relatively large molecular weights, BBB
permeability has to reach a critical level before extravasation occurs.

In this study, we found significantly increased ky, in subjects with type 2 diabetes and
hypercholesterolemia, both of which have emerged as risk factors for SVD and AD.
Hypercholesterolemia has been known to be associated with vascular pathology and
dysfunction including vascular inflammation and atherosclerosis, which may lead to early
breakdown of the BBB (46). Diabetes mellitus leads to glycosylation of endothelial proteins
and also causes the basement membrane in the vessel wall to grow abnormally thicker and
weaker. As a result, the micro-vessels in the brain and body of diabetic subjects are
susceptible to micro-bleeds, protein leakage, and hypo-perfusion (57). Population based
studies have shown that both diabetes and hypercholesterolemia lead to increased risk of
neurodegeneration, cognitive impairment and dementia (58,59). Our observation of
increased ky, in subjects with diabetes and hypercholesterolemia and total vascular risk
factors is consistent with existing literature, suggesting that k,, may provide a surrogate
imaging biomarker of cerebral effects of common vascular risk factors and early SVD and/or
AD (45).

We also observed increased ki, in subjects with decreased neurocognitive performance
including increased CDR-SB/CDR-GS scores and decreased Flanker/DCCS/PSMT. Both
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CDR-SB and CDR-GS have been widely used in staging dementia severity. The Flanker,
DCCS and PSMT are tests of attention/inhibitory control, cognitive flexibility and episodic
memory, respectively. Increased k,, was also associated with increased Fazekas scale and
showed a trend of positive correlation with WMH volume. A pathological report has
associated WMH with demyelination and axonal loss (60) and clinical studies have shown
associations between WMH and progressive cognitive impairment and increased risk of
dementia (61). Although previous studies reported globally reduced CBF in cerebral SVD
patients with greater WMHs (62), the k,, changes in nineteen subjects with potential SVD
was not significantly associated with CBF changes in this study. Subjects recruited in this
study are in the early stages of WMH development (average WMH volume is 2.6 cm3), and
its association with k,, will provide important opportunities to prevent brain damage due to
SVD at the earliest stages and ameliorate cognitive impairment.

Alternative Noncontrast Measurement of BBB Permeability

Recently, global water extraction fraction (Ew) and PSw were determined by measuring
arterially labeled blood spins that are drained into cerebral veins (31), which generates
reliable results in several minutes but cannot reveal BBB permeability change in local
regions. Kinetic models were proposed to map the whole brain trans-capillary water
exchange based on the T2 and T2* differences in the two compartments (63,64). However,
reliable and accurate quantification remains challenging due to the small differences of T2/
T2*. A new method for estimating water permeability (PSw) was proposed recently by
utilizing the intrinsic diffusion weighting of GRASE readout but requires sophisticated
deconvolution algorithms (65). In this study, the b-value of a pair of crusher gradients in
GRASE readout was 0.04, 0.09 and 0.02 s/mm? along x, y and z directions, respectively.
The blurring effects along partition direction caused by the intrinsic diffusion weighting of
GRASE readout was negligible with the full width of half maximum (FWHM) of the point
spread function (PSF) smaller than 1.03/1.003 voxel size for the capillary/tissue signal. The
strength of our technique is that there are two orders of magnitude difference between the
(pseudo) diffusion coefficients of the intra- and extravascular spaces which can be separated
by a small diffusion gradient. Although a slight variation of the diffusion coefficient (D¢/Dy)
was observed at three PLDs, which is consistent with a previous study (66), the
differentiation between capillary and tissue space is reliable given the large diffusion
coefficient difference (~100 fold). Our sensitivity analysis showed that a £20% change in
bpw only induces ~+1% change in remaining capillary signal according to Eq. [9].

There are limitations of this study. Since segmented acquisition introduces inter-segment
phase inconsistency and shading artifacts, single-shot acquisition is required for the
proposed diffusion prepared 3D pCASL sequence. Resolution of kw/ATT map is relatively
low as compared to standard ASL studies (also to compensate for half signal loss). To
improve spatial resolution, fast imaging, such as 2D CAIPI (33), and reconstruction
algorithm with spatial and temporal constraints will be employed (51). For comparison of
2D and 3D k,, measurements, the sample size of 2D experiment was small. Presence of
arterial and venous compartments, which were considered as non-exchangeable
compartments, may bias the capillary/tissue fraction estimation. The PLD of 1800 ms was
chosen to exclude/minimize the arterial and venous compartments since ATT was estimated
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to be 1200-1300 ms in this study and Lin, et al, (31) reported detectable venous signal at
PLD > 2500 ms. Recent studies also reported water exchange in periarterial and perivenous
spaces through aquaporin (67,68). This study has demonstrated the potential of k,, as a
sensitive marker of BBB permeability. However, V. may alter in diseases (e.g. decreased V.
in diabetes due to thicken vessel wall and increased perivascular space) and complicates the
understanding of the relation between k,, and PS,,. With the proposed sequence, total
extraction ratio E, and PS,, can be computed with diffusion prepared 3D pCASL signals
acquired at longer PLD (>2.5s) (31), which remains to be explored in future studies.

CONCLUSIONS

A diffusion prepared 3D GRASE pCASL sequence with TGV regularized SPA modeling
was proposed to measure BBB water permeability non-invasively with good reproducibility
in a cohort of aged subjects at risk of SVD. This study demonstrated the capability of k,,
being a surrogate imaging biomarker for SVD and early dementia. Its clinical use for the
detection of BBB dysfunction before the leakage of large-molecule contrast agents awaits
further evaluation.
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Figure 1.
(a) Sequence diagram of 3D DP-pCASL. (b) Diffusion preparation module: Non-selective

pulses were used to compensate for field inhomogeneity, timing of gradients was optimized
to minimize eddy current. De-phasing gradient was added along y-axis (4 dephasing per
voxel) before tip-up to eliminate phase sensitivity of GRASE readout. Strong spoiler along
three axes were added after tip-up to remove residual transverse magnetization. A pair of re-
phasing and de-phasing gradients were added at both sides of EPI readout. (c) GRASE
readout: Non-selective excitation was used to improve slab profile, re-phasing and rewound
de-phasing gradients were added at two sides of EPI readout to maintain MG condition.
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Figure 2.
Perfusion map with six diffusion weightings acquired at PLD=1500ms, 1800ms and 2100

ms, respectively. Gray scale indicates relative perfusion signal intensity compared to average
perfusion signal acquired with b = 0 s/mm?2 at PLD = 1500 ms.
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Figure 3.
Average perfusion signals from four subjects with six diffusion weightings acquired at

PLD=1500ms, 1800ms and 2100ms. Error bar indicates the standard deviation of k,,
measurements across four subjects. Bi-exponential fitting results are shown in the upper
right corner. Capillary/tissue fraction were 24%/76% when PLD = 1500 ms, 15%/85% when
PLD = 1800 ms and 11%/89% when PLD = 2100 ms, respectively.
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Figure 4.
Comparison of direct modeling with Gaussian smoothing (first row) and regularized SPA

modeling (second row). (a) Perfusion map without diffusion weighting acquired at
PLD=900m:s. (b) Perfusion map with b=14 s/mm?2 (VENC=7.5cm/s to suppress vascular
signal) acquired at PLD =900 ms. (c) ATT map. (d) Perfusion map without diffusion
weighting acquired at PLD = 1800 ms. (e) Perfusion map with b=50 s/mm? acquired at PLD
= 1800ms. (f) ky, map. Red arrows indicate the local regions with noise induced spuriously
high ky, values using direct modeling (first row). k,, map from regularized SPA modeling
was relatively smooth (second row).
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(a) k,, map from 1% scan

Figure 5.
ky map of six slices from one representative subject’s test and retest scans.
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Figure 6.
(a) Average k,y values from test-retest experiments using the proposed 3D DP-pCASL

sequence. Horizontal and vertical axis indicates the k,, measurements from the first and
second MRI scan, respectively. (b) Average global CBF values from test-retest experiments.
Horizontal and vertical axis indicates the CBF measurements from the first and second MRI
scan, respectively.
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(a-b): Bar plot of average k,, in normal subjects versus subjects with diabetes (a) and
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hypercholesterolemia (b). (c) Bar plot of average k,, versus vascular risk factors. (d) Bar plot
of average kw versus Fazekas scale. (e-f): Bar plot of average k,, versus clinical dementia
rating scales CDR-SB (e) and CDR-GS (f). (g-j): Scatter plots of average ki, versus NIH
toolbox measurements: Flanker (g), DCCS (h), PSMTa (i) and PSMTb (j). Error bars in bar
plot indicate standard deviation of k, across subjects. Mixed effects regression coefficients g
and Pvalues are listed in bar/scatter plots. Slopes and R? of linear regressions (without
controlling age/gender, indicated by the black dashed lines) are listed in each scatter plot.
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Table 1.

Summary of clinical assessments performed in this study.

Measurement

Statistics/Description

Medical history

Hypertension

13 subjects (68.4%)

Diabetes

6 subjects (31.6%)

Hypercholesterolemia

14 subjects (73.7%)

Vascular risk factor

Combination of presences of hypertension, diabetes or hypercholesterolemia
(rated from 0 to 3). 3/3/9/4 subjects were rated as 0/1/2/3.

Normal (0) 10 subjects (52.6%)
Stég]Doég%x)es Questionable cognitive
Clinical impairment (= 0.5, greater scores 9 subjects (47.4%)
Dementia indicate more severe impairment)
Alzheimer’s Rating scale
Disease Centers’ 9 Normal (0) 10 subjects (52.6%)
Uniform Data Set Global score — —
v3 (UDS3) (CDR-GS) Questionable cognitive .
impairment (0.5) 9 subjects (47.4%)
. A measure of visuospatial construction, executive function, verbal memory,
Montreal Cc()'g\;/lncl)t(l:\ﬁ)Assessment attention, working memory, language and orientation; Score > 26 considered
as normal (score range 0-30).
The Flanker is a measure of attention and inhibitory control; Higher Flanker
Flanker scores indicate Aigher level of ability to attend to relevant stimuli and inhibit
attention from irrelevant stimuli.
Dimensional Change Card Sort Test | The DCCS is a measure of cognitive flexibility; Higher DCCS scores indicate
(DCCS) higher level of cognitive flexibility.
. The PSMT is a measure of episodic memory, which involves the acquisition,
P'Ct(lgga?rql:z?:?or: r;rfdr{))T est storage and effortful recall of new information; Higher PSMT scores indicate
’ better episodic memory.
NIH toolbox Pattern Cogn[;izs_?gsf rocessing The PCPS is a measure of speed of processing for pattern comparison; Higher
F()PCPS) PCPS scores indicate faster speed of processing.

Pegboard Dexterity Test
(dominant hand)

The test records the time (seconds) required for a participant to place and
remove nine plastic pegs into a plastic pegboard; Faster completion time
indicates betfer manual dexterity.

Grip Strength Test
(dominant hand)

The test records the force (pounds) of a participant squeezing a digital hand
dynamometer; Greater force indicates greater strength.

4-meter Walking Gait Speed Test

The test records the time (seconds) required for a participant to walk 4 meters
at usual pace; Shortertime indicates betfer gait speed, as a measure of bipedal
motion.

White matter
hyper-intensity
(WMH)

Volume

Volume of WMH regions manually measured by clinical fellows from 3D T2
FLAIR images.

Total Fazekas scale

Quantification of WMH lesions. Total Fazekas scale is the sum of two scales
rated from O (absent) to 3 (large confluent areas) in periventricular white
matter and deep white matter. 1/1/15/1/1 subjects were rated as 0/1/2/3/4.
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Average k,y and ICC values of test and retest measurements in eight ROIs related to AD.

Average k,, (min™%) | 1CC

Frontal 98.3+20.8 0.72
Temporal 97.8+17.3 0.54
Parietal 100.6+22.2 0.52
Hippocampus 101.7+£22.4 0.30
Para hippocampal gyrus 88.9+21.8 0.17
Anterior cingulum 106.6+21.9 0.74
Posterior cingulum 108.6+22.5 0.57
Precuneus 102.4+19.9 0.63
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Repeated measures mixed effects linear regression coefficients 8. P values are listed in the parentheses.
Significant correlations with P values smaller than 0.05 and 0.005 are indicated by asterisks in the table.
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Clinical uDS
A Gender - - . .
ge (F-0, M-1) Hyper-tension | Diabetes | Hypercho-lesterolemia | Vascular risk | CDR-SB | CDR-GS | MoCA
Whole brain 0.49 -10.3 -2.6 25.7** 17.8* 9.4* 21.0%* 44.6** -0.86
(0.43) (0.28) (0.78) (<0.001) (0.04) (0.02) (0.001) (0.002) (0.45)
K GM 0.46 -9.2 -2.8 24 5%* 16.7* 8.8* 20.3** 43.7%* -0.79
w (0.43) (0.31) (0.75) (<0.001) (0.05) (0.02) (0.001) (0.002) (0.46)
WM 0.44 -115 -1.8 26.2%* 20.2* 10.3* 22.2%* 46.9** -0.95
(0.50) (0.26) (0.85) (0.001) (0.03) (0.01) (0.001) (0.003) (0.41)
NIH toolbox WMH
Flanker | DCCS | PSMTa | PSMTb | PCPS | Dexterity | Strength | WGS | Volumes | Fazekas scale
Whole brain -0.58 -1.10* | -0.98* | -1.19** | -0.37 1.59 0.24 2.29 1.68 10.61*
(0.08) (0.02) (0.03) (0.001) | (0.28) (0.15) (0.68) (0.70) (0.20) (0.04)
K oM -0.57 -1.09* | -0.97* | -1.15** | -0.35 1.51 0.24 2.33 1.72 10.53*
w (0.07) (0.01) (0.02) (<0.001) | (0.28) (0.15) (0.67) (0.68) (0.16) (0.03)
WM -0.57 -1.09* | -0.99* -1.31*%* -0.37 1.52 0.30 2.70 1.75 11.07*
(0.12) (0.03) (0.04) (<0.001) | (0.31) (0.20) (0.63) (0.68) (0.21) (0.04)
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