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A technique for quantifying regional blood-brain barrier (BBB) water exchange rates
using contrast-enhanced arterial spin labelling (CE-ASL) is presented and evaluated in
simulations and in vivo. The two-compartment ASL model describes the water
exchange rate from blood to tissue, kp, but to estimate ky, in practice it is necessary
to separate the intra- and extravascular signals. This is challenging in standard ASL
data owing to the small difference in T, values. Here, a gadolinium-based contrast
agent is used to increase this T, difference and enable the signal components to be
disentangled. The optimal post-contrast blood T (Tﬁst) at 3T was determined in a
sensitivity analysis, and the accuracy and precision of the method quantified using
Monte Carlo simulations. Proof-of-concept data were acquired in six healthy volun-
teers (five female, age range 24-46 years). The sensitivity analysis identified the opti-
mal T5%" at 3T as 0.8s. Simulations showed that k, could be estimated in individual
cortical regions with a relative error e < 1% and coefficient of variation CoV = 30%;
however, a high dependence on blood T, was also observed. In volunteer data, mean
parameter values in grey matter were: arterial transit time ty =1.154-0.49 s, cerebral
blood flow f=58.0+14.3mL blood/min/100 mL tissue and water exchange rate
k,=2.32+2.49 st CE-ASL can provide regional BBB water exchange rate esti-
mates; however, the clinical utility of the technique is dependent on the achievable

accuracy of measured T, values.
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1 | INTRODUCTION

The blood-brain barrier (BBB) plays a vital role in regulating and maintaining healthy brain function. Passive diffusion of solutes and potential neu-
rotoxins from the blood into the brain is tightly restricted, with the transport of necessary metabolites controlled by specialized proteins. Loss of
BBB integrity is increasingly indicated in many neurological conditions, including neurodegeneration,*™* stroke>® and multiple sclerosis,”® as well
as more generally in ageing.” *! Dynamic contrast-enhanced (DCE) MRl is, at present, the most established MRI method for measuring BBB per-
meability. When the BBB is damaged, leakage of gadolinium-based contrast agents (GBCAs) from blood to brain tissue provides a measurable
post-contrast T; enhancement. However, DCE-MRI is challenging when BBB damage is subtle, as leakage of GBCAs is slow due to the relatively
large size of the chelates. Artefacts intrinsic to the method (such as aliasing, signal drift, Gibbs ringing and motion), which can be tolerated when
leakage is high, become a limiting factor in detecting the subsequently smaller signal intensity changes for low levels of leakage.*?

Trans-BBB water exchange is an alternative MRI-based biomarker for BBB integrity that has the potential for increased sensitivity to subtle
damage.® Several methods have been developed for measuring trans-BBB water exchange. While some methods have utilized differences in the

34,14 15717 of the blood water directly, many adopt an arterial spin labelling (ASL) approach. Pro-

18-20

T relaxation time or intrinsic diffusion properties

posed ASL techniques have aimed to separate the intra- and extravascular signals using diffusion or magnetization transfer®® effects, T,

11.22-25 o1 velocity encoding.?%?” ASL data generally suffer from low SNR, which is addressed by the existing methods in a variety of

properties
ways; as such, current techniques are variably limited by long scan times, aggressive smoothing or a lack of regional exchange rate estimates
(a comprehensive overview of the different techniques is provided in Reference®®).

ASL-based methods utilizing T, differences to separate the intra- and extravascular signals are a potential alternative to the above
approaches, and preliminary works manipulating the intravascular T; using a GBCA>?8-%° have shown promise. In the absence of GBCAs, mea-
surements of water exchange using this approach are imprecise owing to the small difference in T, relaxation times between compartments rela-

31 requiring SNR levels in excess of clinically attainable values.®? ASL data acquired under the influence of an

tive to the exchange rate,
intravascular GBCA benefit from a larger difference between the intra- and extravascular T4, which should therefore enable the label location to
be determined at lower SNR levels. This technigue could be a valuable addition to DCE-MRI studies in cases where minor BBB damage results in
minimal GBCA uptake in tissues, providing complementary information on subtle damage via measurements of water exchange.
Contrast-enhanced (CE) ASL is presented here as a technique for quantifying BBB water exchange, building on previous preliminary data.2?%°
Simulations are used first to determine the optimal post-contrast blood T+, and then to evaluate the expected accuracy and precision of parameter

estimates. Proof of concept is then demonstrated in six healthy volunteers.

2 | THEORY

The two-compartment water exchange model®! for continuous arterial spin labelling (CASL) describes the imaging voxel in terms of a blood water
compartment and an extravascular tissue water compartment, each with corresponding volumes (Vpy, Vew) and relaxation times (T1p, T1¢). Follow-
ing labelling, tagged blood water arrives at the voxel at arterial transit time (ATT) ta, with a cerebral blood flow (CBF) rate f. Labelled water
remains in the intravascular compartment for a finite duration before exchanging into the extravascular compartment. Figure 1A shows a sche-
matic diagram of the compartmental model.

Evolution of each compartment's magnetization in the ASL difference image (control — label) is given by

d(vbWAmb(t)) _vbWAmb(t)

0 =g Hfam, () — FAMy (t) + PS[AMe (t) — Amp (1)) (1)

AWenCmelt))_ _Yen2ell) . psiamy 6) - ame (o) @
le

where PS is the permeability (P) surface area (S) product describing exchange between compartments, Amy, and Am, represent the magnetization
of capillary blood water and extravascular water within the tissue voxel, and Am, and Am, represent the magnetization of arterial blood water
and venous blood water arriving at and leaving from the tissue voxel respectively. The total ASL difference signal is modelled as the sum of the
intra- and extravascular difference magnetizations weighted by their relative volumes:

AM(t) = Vpw AMp (t) + Vew Ame (t). (3)

Implicit in Equations (1) and (2) is the assumption that labelled blood resides in exchanging vessels (capillaries and arterioles) only, meaning

that contributions from larger vessels (arteries) are excluded; this is generally expected to be valid for post-labelling delay (PLD) times greater than
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1 s. Further assumptions can be made to simplify the solutions under certain conditions.* First, for perfusion rates in normal human brain tissue,
it can be assumed that the label will have decayed (due to T, recovery) before entering the venous circulation, meaning there is no outflow of
labelled blood from the voxel during the PLD and so the venous component can be excluded (i.e., Am, =0). Second, effects of backflow on the
signal—that is, exchange of labelled magnetization from the extravascular space back into the blood—can also be neglected under the assumption
that at all times the proportion of labelled extravascular spins is much less than the proportion of labelled intravascular spins (i.e., Ame < Amy, giv-
ing PSAm, =0).

Under these assumptions, as derived in earlier work,%? the time-dependent solutions to Equations (1) and (2) are

0, t<ta

1— exp(—Jt’
2fm2aexp(7R1,btA){#

1k F —Rie+Rycexp(—Jt) _JeXp(_Ri,et,):| }
b JR1c(J—Rie) ’

taststa+t,

2fm2aexp(—R1,btA){ B +J(R1k%])] [(exp(JtL) — 1) exp(—Jt')]

w[eXD(RLetL) - 1]}’

_ t>ta+t
Rie(Rie —J) AT

where t is the time from the start of labelling, t, is the labelling duration (LD), mg =Mp/4 is the equilibrium arterial magnetization with Mg the
equilibrium magnetization and 4 the brain:blood partition coefficient, a is the inversion efficiency of the labelling, Ry :Tl,b and Ry :%e are the
relaxation rates of the blood and tissue compartments, J =k, + Ry, where the exchange rate of labelled water from blood to tissue is ki, = PS/opy
and t’' =t —ta. Table 1 gives a full definition of all parameters.

Longitudinal relaxation during the ATT as the labelled blood water arrives at the imaging slice reduces the magnetization difference Amy(t)
according to Equation (1). Under the influence of an intravascular GBCA, the shorter blood water T; causes Am,(t) to reduce more rapidly; this
allows the presence of magnetization that has permeated into the extravascular space (which now has a substantially longer T4 relative to blood)
to have a greater influence on the total difference magnetization AM(t). Figure 1B displays numerical simulations that illustrate the expected
AM(t). With knowledge of the blood and tissue T1 before and after GBCA contrast injection, Equations (1) and (2) allow these different AM(t) to
be modelled to extract estimates of the exchange rate. However, as is evident in Figure 1B, higher GBCA concentrations also reduce the overall
AM(t), leading to worsened contrast-to-noise ratio. This trade-off is explored here to identify the optimal conditions for contrast-enhanced arte-

rial spin labelling (CE-ASL) estimates of BBB water exchange.
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FIGURE 1 ASL signal model. (A) Schematic diagram of the two-compartment exchange model. The blood water compartment (red) and
extravascular tissue water compartment (blue) have volumes vy, Ve, and relaxation times Ty, T1e respectively. Exchange occurs at the rate ky,;
cerebral blood flow is indicated by f. (B) Simulated ASL difference signal AM for the two-compartment CASL model in Equation (4) for the
equilibrium pre-contrast Ty}, (solid lines) and for a range of post-contrast T4}, values (dashed lines). Fixed parameters: exchange rate k, =2.65 st
(black/gray lines), extravascular relaxation time T1e = 1.5, cerebral blood flow f = 60 mL blood/ min /100 mL tissue, label duration t, =25,
arterial transit time ty = 1.2's, brain:blood partition coefficient 1= 0.9 and inversion efficiency a =0.85. The red/blue lines correspond to signals
with kp, increased/decreased by 50%, respectively (i.e., k, = 3.98,1.33 s %)
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3 | METHODS

Four simulation experiments were performed to assess the feasibility of the CE-ASL method and inform acquisition parameters in vivo. The sensi-
tivity of the CE-ASL signal to water exchange was first evaluated to identify optimal post-contrast blood water T4 (T'ift) and PLD times at 3T.
Under these optimal conditions, the impact of inaccurate relaxation time values on parameter estimates was explored in an error analysis. Monte
Carlo simulations under varying noise conditions then provided an estimate of the expected accuracy and precision of fitted parameters. Finally,
the GBCA dose and time after injection required to obtain optimal T‘fb“ values in vivo were calculated using data from a previous study. Based on
the simulation results, an in vivo protocol was designed and conducted in six healthy volunteers. All simulations were performed in MATLAB

R2019b (The MathWorks Inc., Natick, Massachusetts).

3.1 | Sensitivity analysis

The sensitivity functions were defined as the partial derivatives of the signal model in Equation (4) with respect to k;, (provided in full in
Appendix A).

To determine optimal Tﬁft and PLD times, the sensitivity functions were computed for parameter combinations in the ranges
0.15s=< Tﬁf’;‘ <1.65s and 0.5s < PLD < 3.0s, with T1, = 1.65 s taken as the non-contrast-enhanced value in blood at 3 T.3% The exchange rate was
fixed at kp, =2.655%, the mean of several published studies.'® Calculated sensitivities were normalized using the maximum value obtained across
the range of parameter combinations; optimal T'ift and PLD times were taken as those that maximized the sensitivity functions.

As the modelling approach assumes that the GBCA remains intravascular, the impact of extravasated contrast agent on sensitivity to k, was
assessed by varying Ty from its non-contrast-enhanced value at 1.5 543> down to the optimally reduced Tﬁf‘t, thereby mimicking GBCA leakage
into tissue and the subsequent reduction of T1e. For completeness, this range of T1. values encompasses the spectrum of exchange rates from
no exchange (i.e., T1e =1.55) to infinite exchange (i.e., T1e :Tﬁft s); however, only small reductions are expected for subtle BBB damage. The
T‘l’fift and PLD times were fixed to their optimized values.

Finally, variation of the sensitivity in relation to underlying exchange rate was explored for 0.5 < ky, <4.0s~%, which is representative of previ-
ously reported values in human grey matter (GM),*2 over the range 0.15 < T‘{ft <1.65s.

All other model parameters used in each simulation are provided in Table 2.

3.2 | Error propagation

Systematic biases in parameter estimates arising from T; measurement errors were evaluated using numerical simulations. Noise-free synthetic

signals were generated using Equation (4) for five PLD times between 0.9 and 2.1s with Ty}, set at the equilibrium (pre-contrast) value and for

TABLE 1  Parameter definitions, abbreviations and units.

Parameter Definition Unit

T longitudinal relaxation time of blood pre-contrast s

Tli'?b“ longitudinal relaxation time of blood post-contrast s

T1e longitudinal relaxation time of GM extravascular space s

f cerebral blood flow (CBF) mL blood/min/100 mL tissue
ta arterial transit time (ATT) s

PS permeability surface area product to water mL water/min/mL tissue

Vbw blood water volume fraction mL water/mL tissue

Vew extravascular water volume fraction mL water/mL tissue

ke, ky = PS /v st

t label duration (LD) s

A brain:blood partition coefficient mL/g

a inversion efficiency of labelling a.u.

Mo equilibrium magnetization magnetic moment/mL tissue
m2 equilibrium arterial magnetization magnetic moment/mL blood
my, intravascular magnetization magnetic moment/mL water
me extravascular magnetization magnetic moment/mL water
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one PLD of 1.5s with Ty, set at the optimally reduced (post-contrast) value. Table 2 provides all model parameters. The signal model was then

fitted back to the data using perturbations from ground truth Ty values of +15%. Fitting was performed using least-squares minimization with f,

ta and ky, as the free parameters, initialized using 100 starting values and constrained to O < f < 200 mL blood/min/100 mL tissue, O <ty <2.5s and

0<ky <5 s~ L. Starting values were randomly distributed between parameter bounds. Resulting errors in f, ta and k;, were quantified using the per-

centage relative error e = 100 x (Xfit — Xgt) /Xgt, Where Xgit and xgt represent the fitted and ground truth value of a given parameter respectively.

3.3 | Accuracy and precision

The accuracy and precision of fitted parameters were estimated using Monte Carlo simulations under varying noise conditions. Data were simu-
lated before and after contrast (as described for the error propagation) for 25 k;, values between 0.5 and 4.0 s—%; details of other parameters are
in Table 2. For each parameter combination, 2500 control and label signals were synthesized. Zero-mean Gaussian noise with standard deviations
¢=0.0033,0.0017,0.0011 was added to the control and labelled data independently, giving voxel-wise SNRs of 15,30,45 in background-
suppressed control data®® (signal taken as 5% of the equilibrium magnetization, assuming 95% background suppression efficiency), before
pairwise subtraction to create the difference signal. Corresponding voxel-wise SNRs in the difference signal were 1.8, 3.6,5.4. Voxel-level SNR
values were increased by /N to simulate the higher SNR at regional levels, with N = 500 taken as the approximate number of voxels in a cortical
region of interest (ROI). All T, values were fixed to their ground truth for fitting (performed as for the error propagation). The accuracy of parame-
ter estimates was assessed using the relative error between the ground truth and median fitted values; precision was quantified using the coeffi-
cient of variation (CoV), defined as the interquartile range (IQR) of fitted values normalized by the ground truth value. Extreme parameter fits
within 5% of the fit constraints (0 < k, < 10 s~ 1) were discarded from these calculations.

To assess the feasibility of ki, estimates at different regional levels, voxel-wise SNR values were adjusted for signal averaging across ROI sizes

equivalent to whole lobes (N = 10000) down to the voxel level (N = 1) for a single fixed k, = 2.65 s~ (fitting constrained to O <k, <5 s™%).

3.4 | Optimalinjected GBCA dose

The GBCA dose needed to achieve the optimal T‘ﬁft was investigated as a function of injected dose and time post-injection. Volunteer DCE-MRI
data were taken from a previous study of 31 healthy volunteers (mean age 66 years, range 52-81 years)®’; briefly, the data comprised pre-
contrast T1-weighted images acquired at three different flip angles, and a dynamic series of single flip angle acquisitions following 0.1 mmol/kg
injection of Dotarem GBCA collected every 7.6 s up to 20 min after injection. These data were used to calculate the pre- and post-contrast blood
T1 values (T{'; and T'ﬁft(t), respectively); full details can be found in the Supplementary Material of Reference.®”

The mean vascular input function (VIF)—or blood concentration, c, (t)—over time was calculated using

RS (1) =R +rico(t), (5)

TABLE 2 For all simulations, other fixed parameters were cerebral blood flow f = 60 mL blood/min/100 mL tissue,®? label duration t, =25,
arterial transit time ta = 1.2 s*3 (note that this is variable in vivo depending on labelling location and brain region), brain:blood partition

coefficient 2= 0.9% and inversion efficiency a = 0.85.%%
9% [s] 7% [s] Tie[s] ky [s7] PLD [s]
Sensitivity analysis
- optimal T‘l’ft & PLD — 0.15-1.65 15 2.65 0.5-3.0
- extravasated Gd (Tq.) — 0.80 0.8-1.5 2.65 1.5
- underlying ki, — 0.15-1.65 1.5 0.5-4.0 1.5
Error propagation
- T‘l’f errors 1.65+15% 0.8 1.5 2.65 pre-contrast: 0.9,
- T'if’bSt errors 1.65 0.8+15% 1.5 2.65 1.2,1.5,1.8,2.1;
- Ty errors 1.65 0.8 1.5+15% 2.65 post-contrast: 1.5

pre-contrast: 0.9,
Accuracy and precision 1.65 0.8 1.5 0.5-4.0 1.2,1.5,1.8,2.1;

post-contrast: 1.5
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with REY (t) = 1/T5%(t) the blood relaxation rate at each time point t after contrast, RY's = 1/T5F =0.61 s~ * the blood relaxation rate before con-
trast and ry = 3.4 s 'mM~? the GBCA longitudinal relaxation coefficient.3®

The ¢, estimates were then scaled to 0.25, 0.50 and 0.75 of the value at the full GBCA dose to simulate R’th variation at different dose
levels. This provided an estimate of the appropriate dose and time after injection for the optimal T'ﬁft.

All blood T’f{ft curves were extrapolated using the functional form of the VIF—as described in Reference®’—to 250 min to show the full Ty

recovery to its equilibrium (pre-contrast) value.

3.5 | MRl acquisition

Proof-of-concept data were acquired in six healthy volunteers (five female, mean age 30 years, range 24-46 years) on a simultaneous 3 T SIGNA
PET-MR scanner (GE Healthcare, Chicago, lllinois); ethics approval was granted by the University of Manchester Research Ethics Committee (ref-
erence: 2021-5795-18124).

A 3D T1-weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) image was acquired prior to contrast agent injection
with 1 mm? isotropic resolution for segmentation of GM, white matter (WM) and cerebrospinal fluid (CSF).

ASL data and additional T4 maps were collected before and after contrast agent injection (Figure 2). Two low-dose injections of a GBCA
(Dotarem) were administered—each a quarter dose (0.025 mmol/kg), providing 0.050 mmol/kg of Dotarem total—in order to capture the optimal
T, reduction. Each post-contrast data set (referred to as PC1 and PC2 respectively) was analysed independently.

ASL was performed with pseudo-continuous labelling (0CASL), background suppression (all PLDs), no vascular crushing gradients,®® a 3D spi-
ral fast spin echo readout with eight spiral interleaves (512 sampling points, giving a spiral readout duration of 475 ms), voxel size
1.7 x 1.7 x 4 mm® with 36 axial slices covering the complete brain (lowest slice positioned at the base of the cerebellum), T¢ = 11 ms, minimum T
set according to PLD and RF duration/gap of 0.5/1.5 ms. The labelling plane was positioned 2 cm inferior and parallel to the 3D acquisition box.
Data at six PLDs (0.7, 0.9, 1.2, 1.5, 1.8 and 2.1 s) were collected before contrast agent injection (the PLD at 0.7 s was not collected in two sub-
jects), with LD 2's and two repeats (number of excitations, NEX). An additional proton density image was acquired with each PLD. The total pre-
contrast pCASL acquisition time was 15 min. Post-contrast ASL data were collected approximately 7 min after each contrast agent injection at a
single PLD of 1.5 s with NEX = 5. One PLD was used to allow time to increase the NEX in comparison to the pre-contrast acquisition and compen-
sate for the expected signal reduction. The acquisition time of each post-contrast data set was 6 min.

To produce T, maps before and after contrast, 3D T1-weighted spoiled gradient recalled echo (SPGR) images were acquired using four flip
angles (2°, 5°, 15° and 20°), with voxel size 2 x 2 x 4 mm®, Tr/Te=4.75/1.06 ms and NEX = 8. Acquisition of the four different flip angle images
was repeated approximately 3 min after each contrast agent injection, prior to the ASL acquisition. Each flip angle acquisition was 1 min. A 2D
Bloch-Siegert B; map was also collected before contrast with flip angle 10°, field of view matched to the T1 map and resolution 3 x 3 x 8 mm®.

3.6 | MRIanalysis
3.6.1 | Extraction of regional ASL and tissue Tqvalues

The ASL subtraction images were divided by the ASL proton density images on a voxel-wise basis. The 3D T;-weighted image was segmented
into GM, WM and CSF using SPM12.#° Pre- and post-contrast Ty maps and the ASL proton density image were co-registered to the 3D
T1-weighted image, and the transformation used to propagate the ASL subtraction images into the same space. The T1-weighted image was then
registered to the MNI template, and the transformation applied to the GM and CSF probability maps from the segmentation and the co-registered
T4 maps and ASL subtraction images. The automatic anatomical labelling atlas** (masked for GM) was used to extract the mean ASL subtraction

signal and T, estimates from the 90 cortical and sub-cortical regions (excluding the cerebellum).

Pre-contrast Post-contrast 1 Post-contrast 2

{ BLmap T1map T1 map| ASL (1 PLD)! T1 map| ASL (1 PLD)|
0 5 20 261 29 33 391 42 46 52 Time
Gd injection Gd injection (mins)
0.0250 mmol/kg 0.0250 mmol/kg
(% normal dose) (% normal dose)

FIGURE 2 Acquisition pipeline. ASL data (including proton density images acquired with each PLD, indicated by the white dashed lines) and
T1 maps were acquired pre-contrast and again following two low-dose gadolinium injections. A By map was also collected pre-contrast.
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3.6.2 | Estimation of blood T4

Pre- and post-contrast T, maps were estimated by fitting the SPGR signal model to the four flip angles at each contrast level.*? This was done in
R (version 4.2) using the Levenberg-Marquardt optimization solver. Each post-contrast T1 map (in MNI space) was subtracted from the pre-
contrast map to produce two subtraction images, one for each contrast agent dose. On each subtraction image a region in the sagittal sinus and
straight sinus was identified using the ROI tool in MRlcro.*® The region was masked to contain only those voxels with at least a 20% reduction in
T, following contrast agent injection, effectively identifying the voxels with the highest blood volume, to produce the final blood ROI (see
Supporting Information, Figure S1). The 75th percentile T, value within the blood ROI on the pre-contrast T1 map was recorded as the Tﬁf value,
chosen as it probably contains high blood volume but will be less affected by noise than the maximum value. The T‘l’f’bSt value was estimated by
subtracting the pre-post T1 difference (again taken as the 75th percentile value within the blood ROI on the subtraction image) from the T'if
value. This process was repeated independently for each subtraction image.

3.6.3 | Kinetic modelling of ASL data
Equation (4) was fitted to the data on a voxel-wise basis in MATLAB 2021a using an unconstrained simplex search method with initial values
f =60 mL blood/min/100 mL tissue, ta =1.0s, kp = 1 s~ *. Voxel-wise T1, values and global Ty, values were fixed to their measured values before

and after contrast, with  =0.85, 1=0.9, t, =2s and My measured from the proton density images. Regional parameter estimates were obtained
by taking the median of voxel-wise values within an ROI.

3.64 | SNR estimation

No independent noise measurement was available for the in vivo data, so voxel-level SNR was approximated within each ROI (after averaging sig-
nal repetitions) as

SN Rvo>< =

Q | xI

where X and ¢ are the signal mean and standard deviation within an ROl in the ASL difference image at PLD=1.5s.

4 | RESULTS
4.1 | Sensitivity analysis

Figure 3A shows that the model was most sensitive to k;, for T, =0.8s and PLD = 1.5's (normalized sensitivity value of 1). These optimal values
provided a more than threefold increase in sensitivity compared with the use of no contrast (equivalent to Ty, =1.65s; normalized sensitivity
value of —0.3). Sensitivity remained within 90% of the maximum value over the ranges 0.6 < Ty}, <1.0s and 1.3 <PLD = 1.9s. Minimal sensitivity
(under 10% of the maximum value) was observed both for very short Ty}, values (T1p, <0.3s) and for T1p & Tqe.

Reductions in Ty arising from extravasated contrast agent corresponded to an approximately linear decrease in sensitivity, culminating in
zero sensitivity to ky, for T1. =Ty (Figure 3B). This represents the full range of BBB integrity, from fully intact with no leakage of the GBCA
(i.e., T1e =1.55, the equilibrium value) to unobstructed leakage (i.e., T1e = T1p). A reduction of ~0.1s may be expected for minor BBB damage,®”
corresponding to a decrease in sensitivity of ~ 10%.

Figure 3C shows the sensitivity dependence of the model to underlying k;, values. Greater sensitivity was observed for lower exchange rates.
From the magnitude of the sensitivity function—which provides an indication of the expected level of measurement precision for a given noise

-1

level—it can be seen that, compared with a baseline ky, = 2.65 s™%, an increase of 15% in the exchange rate to kp, =2.92 s~* would correspond to

a 12% reduction in measurement precision. The optimal Ty varied minimally from Ty, =0.77s at the highest exchange rate (k, =4.0 s Y to

T1p=0.865 at the slowest exchange rate (k, =0.5 s7Y).
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4.2 | Error propagation

Figure 4 shows the errors propagated into ky, f and ta by errors in measured T values. The accuracy of ki, was highly sensitive to errors in both
T7s and T'f{ft: to obtain estimates of k, with less than 10% error required T to be known within +1.5% and T'ﬁft within £0.7%. Errors in T
propagated less uncertainty into ki, estimates, requiring a measurement accuracy of £11% to maintain the same 10% error level in k.

CBF accuracy was more influenced by errors in TTS and Ty than in T‘f’bst. To estimate f with under 10% error required a measurement accu-
racy within +£9.1% for T} and within £14.4% for Ty . The CBF error was under 5% for all simulated T'if’bSt errors (+£15%).

The error propagated into ATT estimates was under 5% for all simulated T4 errors (£15%).

4.3 | Accuracy and precision

The variation in accuracy and precision of fitted model parameters with underlying ki, values is shown in Figure 5A-C. No biases were evident in
any of the k,, estimates; however, precision, indicated by the shaded error bars (IQR of fitted values), was reduced at higher ky, values, as predicted
by the sensitivity analysis in Figure 3C. The accuracy and precision of the CBF and ATT were largely unaffected by underlying exchange rates.
The number of extreme fits was under 6% in all cases (see Supporting Information, Figure S2).

The feasibility of regional water exchange measurements is considered in Figure 5D-I. Given a voxel-wise SNR of 30 in the control signal
(and fixed ki, =2.65 s~ 1), in a cortical ROI (500 voxels) the relative error of k, was under 1% and the CoV was 30%. Signal averaging across a sim-
ulated lobe (10000 voxels) reduced the CoV to 7%. The CoV of voxel-level ky, estimates was very high (190%). CBF and ATT were estimated with

good accuracy (relative error e < 1%) and reasonable precision (CoVf < 21% and CoV;, < 38%) at the voxel level for SNR = 30.

44 | Optimal injected GBCA dose

Figure 6 shows the recovery of T"l’ft with time after contrast agent injection. Optimal values of T‘l’ft =0.8s were obtained approximately 3 min
after injection of a 0.025 mmol/kg dose (quarter dose), 21 min after a 0.050 mmol/kg dose (half dose), 37 min after a 0.075 mmol/kg dose (three-
quarter dose) and 48 min after a 0.100 mmol/kg dose (full dose).

4.5 | Invivo data

The mean and standard deviation across subjects of GM T values were: (i) T1. = 1.50+0.09 s pre-contrast; (ii) T1. = 1.48 +0.09 s for PC1, and;
(iii) Ty = 1.39 £0.09 s for PC2. Representative tissue T1 maps pre- and post-contrast, along with example ASL subtraction images pre- and post-
contrast, are provided in the Supporting Information, Figure S3. Pre- and post-contrast blood T, values were: (i) T§f§:1.87io.06 s and
T’fft =1.14+0.11s for PC1, and; (ii) T§f§:1.83i0.06 s and Tﬁf’bst =0.91+0.04s for PC2.
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FIGURE 3 Sensitivity analyses. (A) Sensitivity of the ASL difference signal to the exchange rate, ky,, as a function of blood T1}, and post label
delay (PLD) time (with extravascular T1e =1.5s and k, =2.65 s™1). The colour bar shows the magnitude of the sensitivity functions, which were
normalized using the maximum value obtained over the range of parameter combinations (indicated by the black cross). (B) Sensitivity
dependence on T, simulating the effect of extravasated contrast agent (with T1, =0.85s, PLD=1.55s, k, =2.65 s~ 1. The black line indicates the
potential Ty, after leakage from minor blood-brain barrier damage in vivo. (C) Sensitivity dependence on underlying ky, values (with T1, =0.8s,
T1.=1.5s, PLD =1.55). All sensitivity functions were normalized to the parameter set consisting of k, =2.65 s T1p=0.85,T1e=15sand
PLD = 1.5 s (indicated in each panel by the black cross). Other model parameter details are given in Table 2.
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FIGURE 4 Error propagation. (A) Error propagated into the exchange rate, ky,, from errors in each measured T, value (blood pre-contrast, T‘{fs;

blood post-contrast, T'jf;ft; extravascular, T1.). (B) Error propagated into the cerebral blood flow, f, from errors in each T; value. (C) Error

propagated into the arterial transit time, ta, from errors in each T, value. Ground truth parameter values (all figures): k, =2.65 s~ %, f =60 mL
blood/min/100 mL tissue, ta =1.2s, Tﬁfg:l.és s, TT’bSt =0.85, Ty =1.55s (full details in Table 2)

As the PC2 T‘l’ft best approximated the optimal value, results from the PC2 data set will primarily be presented from here on; results from
the PC1 data can be found in the Supporting Information (Figure S4.1 and Table 54.2).

Figure 7 shows regional parameter maps derived from the PC2 data for all six subjects.

Mean regional parameter estimates for a selection of 18 cortical and sub-cortical regions (of particular relevance to dementia) are provided in
Figure 8; results from all 90 regions can be found in the Supporting Information, Table S5. Good left/right hemispheric correspondence was
observed in the exchange rate maps, although a few extreme fits (k, <0 s~ or kp > 10 s~ 1) were noted in Subjects 1 and 2. Data for these subjects
were acquired without the shortest PLD (PLD = 0.7 s), so fit instabilities may have arisen owing to the reduced number of data points. Averaged
across subjects, the means and standard deviations of parameter values were tpa =1.154+0.49s, f =58.0+14.3 mL blood/min/100 mL tissue,
ky =2.32+2.49 571,

The mean SNR across segmented regions in the subtraction image at PLD=1.5s was 3.6 before contrast and 3.1 in the PC2 data
(corresponding to SNR ~ 30 in the unlabelled data in simulations), indicating that the increased number of averages after contrast compensated
well for the expected loss of signal. Good agreement was observed between the data and model fits before and after contrast (see Supporting
Information, Figure Sé).

5 | DISCUSSION

This simulation and proof-of-concept study demonstrates that measurements of BBB permeability to water are feasible using CE-ASL if accurate
T4 values can be obtained: under the influence of an intravascular GBCA, the increased difference between blood water and tissue T1 relaxation
times enables the signal contribution from intra- and extravascular compartments to be distinguished and k, to be estimated.

Identifying the optimal difference between blood water and tissue T, relaxation times is key to obtaining reliable water exchange estimates
using this method owing to the inherent trade-off between the reduction in ng’ft and sensitivity to ky, (Figure 3C). Marginal reductions in T’fb“ do
not sufficiently perturb the post-contrast signal, meaning that the relative contributions of intra- and extravascular compartments remain difficult
to separate and sensitivity is correspondingly low. Conversely, extreme reductions in T‘fb“ lead to a vanishing difference signal as fast recovery of
the labelled spins relative to the ATT negates the effect of the inversion, rendering the post-contrast signal equivalent to the control data. It was shown
using simulations that moderate reductions in Tﬁft best enabled water exchange measurements, and, moreover, that a range of T‘f’gt values presented
similar capacities to reliably estimate k. Practically, this allows for flexibility in protocol design, as precise timings of the post-contrast ASL acquisition
relative to GBCA administration—as well as precise administration of the GBCA dose itself—are not critical; however, increasing the number of signal

averages for lower T'j"b“ values may be prudent as the difference signal will be smaller and more susceptible to noise. Simulations showed that even

a quarter dose (0.025 mmol/kg) could provide the optimal T‘l’?b“ (Figure 6), which has reduced safety concerns compared with a full dose.

The sensitivity analysis indicated that more precise k, estimates can be expected at lower exchange rates (Figure 3C), meaning that CE-ASL is
best suited to probing early, subtle damage. Monte Carlo simulations supported this finding and quantified the measurement precision of model
parameters in terms of ground truth k, (Figure 5A-C). The accuracy and precision of fitted parameters was also quantified as a function of SNR
(Figure 5D-I). CBF and ATT were estimated at the voxel level with acceptable precision at realistic noise levels in synthetic data.

Reliable estimates of ki, at the voxel level proved unfeasible in simulations, with a measurement precision approaching CoV ~ 190% (Figure 5G):

inherently low SNR data combined with low sensitivity of the model to k;, (relative to the CBF and ATT) renders k;, a challenging parameter to fit.
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FIGURE 5 Accuracy and precision. (A-C) Median parameter values (solid lines) for a simulated cortical ROl (500 voxels) as a function of
ground truth exchange rates in the range 0.5 <k, <4.0 s~ 1 for the fitted exchange rate, k, (A), cerebral blood flow, f (B) and arterial transit time ta
(C). Shaded regions indicate the IQR of fitted values; black dashed lines indicate ground truth parameter values. (D-F) Relative errors in parameter
estimates (for fixed ky, = 2.65 s~ 1) after signal averaging across different simulated ROl sizes for k, (D), f (E) and ta (F). (G-1) The coefficient of
variation (CoV) of parameter estimates (for fixed k, = 2.65 s~ 1) after signal averaging across different simulated ROI sizes for k, (G), f (H) and ta
(). In all figures, displayed SNR levels indicate voxel-wise values in the control signal. Full simulation details are in Table 2.

Voxel-wise fits in vivo (see Supporting Information, Figure S7) corresponded to the simulation predictions, with a number of extreme fits appar-
ent. ROI analyses are valuable in this instance as the SNR effectively increases as the square root of the number of voxels, reducing random mea-
surement errors and making regional ky, estimates more reliable (Figure 7A). Practically, it should be noted that an upper limit on the ROI size used

for regional analysis is likely to exist owing to variability in ATT, CBF and potentially ki, across the brain, particularly in disease.
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FIGURE 6 Optimal injected GBCA dose. Calculated blood Ty}, recovery curves post-contrast are shown for different GBCA dose levels; a
standard full dose is 0.100 mmol/kg. Dotted lines indicate the time after injection to reach the optimal T‘Ift =0.8s5, highlighted for each dose
level by the circles. Yellow markers indicate the experimental data from Reference®”.
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FIGURE 7 ASL regional parameter maps (PC2). (A) Exchange rate, k. (B) Arterial transit time, ta. (C) Cerebral blood flow, f. All parameter
values derived from the second post-contrast data set, PC2. In all maps, black voxels represent masked white matter and CSF, as well as extreme
kp, fits (i.e., kp <0 s~ or ky, > 10 s~ ). Parameter values averaged over the ROIs (k, ta, f) are displayed for each volunteer.

Regional in vivo k, measurements (Figure 8) were in agreement with literature values. The mean value across all segmented ROIs and subjects
was k, =2.32 s~; previous studies have reported average GM values in the range 0.63-3.68 s~1.1% There was also good agreement in regional

values between hemispheres, suggesting that physiologically plausible ky, values can be obtained using CE-ASL. CBF was notably lower in two
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FIGURE 8 Mean parameter values across subjects in selected regions (PC2). (A) Exchange rate, ky,. (B) Arterial transit time, ta. (C) Cerebral
blood flow, f. All parameter values derived from the second post-contrast data set, PC2. In all subplots, bar height represents the mean and error
bars show the standard deviation across subjects.

324445 and reports of high inter-subject variability.*® Age and gender may also explain this finding:

47,48

subjects, although in line with published values
one of the two subjects was the only male and one was older, and lower CBF has been reported in both demographics.

There are two limiting factors in the Monte Carlo simulations in this study. First, regional variations in ATT observed in vivo were not modelled in
the simulations: regions with tp > 1.5s (i.e., ATT longer than the post-contrast PLD) are likely to have lower precision as the complete bolus may
not have arrived at the voxel at the time of imaging. Post hoc evaluation of the sequence sensitivity and the accuracy and precision of ky, esti-
mates confirmed this: while high accuracy was maintained regardless of ATT, longer ATTs incurred lower sensitivity (reduced by approximately
35% at ta = 1.5s compared with ty = 1.2's) and subsequently lower precision (IQR increased by approximately 65% at ta =1.5s compared with
ta = 1.2s) (see Supporting Information, Figure S8). Acquiring data at multiple PLDs post-contrast may increase sensitivity for regions with longer
ATT (or potentially with variations in T4}, as might occur owing to haematocrit changes in sickle cell disease®®) and should be evaluated in future
work; a single post-contrast PLD = 1.5s was chosen here to allow time for multiple signal averages. Second, alterations in T1 were not modelled
in the simulations: contrast agent leakage into the extravascular space acts to decrease the difference between the post-contrast blood water and
tissue T, times, making the separation of intra- and extravascular signal components more challenging. The sensitivity analysis confirmed this,
showing that, as Tp"St — Tﬁft,kb was estimated with increasingly poorer precision. In our proof-of-concept study a reduction of about 7% in tissue
T1 was observed; however, as this is the total tissue value and includes the blood component, the reduction in Ty}, post-contrast probably
explains the majority of this decrease. Moreover, the decrease was consistent across subjects and so does not suggest leakage due to pathology.

Nonetheless, this is a minor limitation of the technique, and raises the more general point that T is not independent of k. This was also not
modelled in simulations and should be considered in future studies. In the in vivo data, adding vascular crushers to the acquisition may improve
estimation of the ATT and CBF: without vascular crushers, the signal at short PLDs may contain contributions from large vessels, leading to
shorter ATT and higher CBF; however, as no exchange is expected to occur in large vessels, k, is unlikely to be affected.

The primary limitation of CE-ASL is the accuracy required in T, measurements (Figure 4). Similar systematic errors in both T} and T;"b“ may
mitigate error propagation into k;, to some extent as opposing effects are introduced (see Supporting Information, Figure S9); however, particu-
larly for T‘l’ft, where sensitivity to k, and therefore error propagation is greatest, small errors can introduce significant biases into k,, measure-
ments. The potential effect on in vivo parameter estimates arising from T;}, biases was explored post hoc by perturbing the measured T‘fg and
T’fbst by +10% and re-fitting the model (see Supporting Information, Figure S10). Mean fitted parameter values varied according to the trends
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predicted in Figure S9, with k;, increased on average by 100% for T4} adjusted 10% lower and reduced by 44% for T, adjusted 10% higher than
the measured value. It must also be considered that inter-subject variability in Ty, can be introduced depending on haematocrit levels and oxygen
extraction fraction,”® which further emphasizes the need for reliable individual T1p mapping; however, regional k;, variations within a subject may
still be identified. Finally, clinical conditions in which key assumptions of the model are violated—for example arteriovenous malformations, where
the passage of blood into the microvasculature is disrupted and the assumption of no outflow no longer holds—must be treated cautiously.

Given current clinical capabilities, these T, accuracy requirements limit the utility of the CE-ASL technique at this point. Assuming a situation
where T, values are accurate enough, a clinically practical application of CE-ASL would be in conjunction with conventional DCE-MRI studies:
ASL data acquired before and after a DCE-MRI protocol could utilize the residual effects of the GBCA to obtain the optimally shortened T‘{ft
needed for CE-ASL imaging, and dose calculations suggest that the time to optimal T‘{f’;t following a full-dose injection could make this approach
feasible (32 min to reach the lower bound T’ift =0.65). In cases where BBB damage is minor and DCE-MRI does not show significant uptake of
the contrast agent in the tissue,® concomitant acquisition of CE-ASL data could provide a complementary indication of subtle BBB breakdown.
However, it is necessary to reduce the dependence of k;, estimates on measured T4 values for this to be clinically viable.
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Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Powell E, Dickie BR, Ohene Y, Maskery M, Parker GJM, Parkes LM. Blood-brain barrier water exchange
measurements using contrast-enhanced ASL. NMR in Biomedicine. 2023;e5009. doi:10.1002/nbm.5009

APPENDIX: SENSITIVITY FUNCTIONS

The sensitivity functions are defined as the partial derivative of the signal model with respect to ky,. The shape and magnitude of the functions

therefore indicate the sensitivity of the signal model to changes in ky; the sign of the functions indicates whether a change in k, induces an

increase or decrease in signal intensity. The sensitivity functions for the CASL model in Equation (4) are
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where t; is the labelling time, t is the arterial transit time, f is the cerebral blood flow, a is the inversion efficiency of the labelling, Ry, =1/T,,
Rip= 1/T1,b* J=ky+ Rip and t/ =t —tx.
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