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Abstract

Improved understanding of complex hemodynamic impairments in asymptomatic internal carotid artery stenosis (ICAS)
is crucial to better assess stroke risks. Multimodal MRl is ideal for measuring brain hemodynamics and has the potential
to improve diagnostics and treatment selections. We applied MRI-based perfusion and oxygenation-sensitive imaging in
ICAS with the hypothesis that the sensitivity to hemodynamic impairments will improve within individual watershed
areas (iWSA). We studied cerebral blood flow (CBF), cerebrovascular reactivity (CVR), relative cerebral blood volume
(rCBV), relative oxygen extraction fraction (rOEF), oxygen extraction capacity (OEC) and capillary transit-time het-
erogeneity (CTH) in 29 patients with asymptomatic, unilateral ICAS (age 70.3 +7.0 y) and 30 age-matched healthy
controls. In ICAS, we found significant impairments of CBF, CVR, rCBV, OEC, and CTH (strongest lateralization
ACVR =-24%), but not of rOEF. Although the spatial overlap of compromised hemodynamic parameters within each
patient varied in a complex manner, most pronounced changes of CBF, CVR and rCBV were detected within iVWSAs
(strongest effect ACVR = +117%). At the same time, CTH impairments were iVWSA independent, indicating widespread
dysfunction of capillary-level oxygen diffusivity. In summary, complementary MRI-based perfusion and oxygenation
parameters offer deeper perspectives on complex microvascular impairments in individual patients. Furthermore,
knowledge about iWSAs improves the sensitivity to hemodynamic impairments.
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Introduction

Asymptomatic internal carotid artery stenosis (ICAS)
is a major public health issue. It causes approximately

10% of all strokes' and is also associated with cognitive
decline.?® While effective interventions are available,
they come with substantial risks.* In this regard, iden-
tification of individual patients with high stroke risk
who could benefit from a more invasive treatment is
crucial. Multimodal magnetic resonance imaging
(MRI) of perfusion and oxygenation is highly promis-
ing to understand hemodynamic dysfunctions of ICAS
patients and to gain deeper insights into the pathology.
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This could be used for personalized stroke risk assess-
ment® and improved treatment guidelines® to reduce
overall risk of ischemia. While perfusion deficits in
ICAS have been investigated intensively,” ' the rela-
tionships among different types of hemodynamic
impairments in individual patients remain unclear
and need further characterization.” Furthermore,
improved sensitivity to even subtle hemodynamic
changes is necessary. It is already known that border
zones between perfusion territories are most vulnerable
to hemodynamic impairment.'*'* ICAS significantly
increases the spatial variability of these watershed
areas,'* e.g. by collateral flow."> Therefore, hemody-
namic parameter evaluation within individually defined
watershed areas (iWSA)'* appears especially promising
in ICAS to increase the sensitivity.

Atherosclerotic plaque in ICAS causes decreased
cerebral perfusion pressure (CPP).'® Its impact on
hemodynamics has been studied extensively.>'*!” In
1987, Powers et al. characterized hemodynamic
changes caused by reduced CPP in two sequential
stages.'® First, autoregulatory vasodilation causes
increased cerebral blood volume (CBV) and concomi-
tantly reduced cerebrovascular reactivity (CVR).
Second, when autoregulation can no longer compen-
sate for further decreases in CPP, the cerebral blood
flow (CBF) decreases. Consequently, an increase in the
oxygen extraction fraction (OEF) helps with sustaining
the oxidative metabolism, thereby preventing strokes.
However, experimental evidence has partially contra-
dicted this simple picture. A positron emission tomog-
raphy (PET) study in patients with carotid occlusions
demonstrated increased OEF already at supposedly
normal CBV.'” A study in an animal ischemia model
suggested reduced CBF already within the autoregula-
tory range.'” Recent MRI studies have also reported
unchanged OEF with a decreased CBF.”!" This mis-
match between the OEF and CBF changes might indi-
cate microscopic variations of oxygen diffusivity
from the capillary bed to brain tissue, as proposed by
Hyder et al.?* 22

While earlier PET studies revealed important infor-
mation on ICAS-related hemodynamic impairments,
the clinical applicability is restricted by limited avail-
ability, methodological complexity, radioactive tracer
application and high costs of 'O PET. Emerging
MRI methods now allow a comprehensive evaluation
of tissue perfusion and oxygenation, and a non-
invasive measurement of up to six hemodynamic
parameters within a single session. This provides new
possibilities to derive comprehensive information
about the localization and extent of hemodynamic
impairments. CBF and CVR can be measured non-
invasively by pseudo-continuous arterial spin labeling
(pCASL)*®* and  breath-hold  functional MRI

(BH-fMRI),** respectively. Previous studies have
already demonstrated that CVR can help to predict
the stroke risk.>>?® Using multi-parametric quantita-
tive BOLD (mq-BOLD) imaging, the relative oxygen
extraction fraction (rOEF) can be modeled based on
separate mapping of quantitative T, and T,*, together
with relative CBV (rCBV) using dynamic susceptibility
contrast (DSC) imaging.”’ In addition to perfusion and
mq-BOLD-based oxygenation imaging, a parametric
modeling approach for DSC data, introduced by
Jespersen and Ostergaard, offers the possibility of
exploring capillary dysfunction in ICAS.**?° Here,
capillary transit-time heterogeneity (CTH) and
oxygen extraction capacity (OEC), which describes
the maximum possible OEF, are modeled additionally
from DSC data. In combination, these six parameters
are highly promising to evaluate these novel quantita-
tive physiological MRI techniques towards personal-
ized stroke risk assessment.’

The aim of this study was therefore to gain deeper
insights into the complex interplay of hemodynamic
impairments in ICAS by measuring six microvascular
MRI biomarkers (CBF, CVR, rCBV, rOEF, OEC and
CTH) in patients with asymptomatic ICAS and age-
matched healthy controls (HC). Moreover, we aimed
to study the perfusion and oxygenation sensitive
parameters inside and outside the iWSAs. We hypoth-
esized that combinations of these perfusion and
oxygenation parameters and evaluation within
subject-specific iWSAs'* will improve the sensitivity
to hemodynamic impairments in ICAS.

Methods

Participants

Fifty-nine subjects participated in this prospective
study. We scanned 29 patients with asymptomatic,
unilateral, high-grade, extracranial ICAS (>70%
according to NASCET?' confirmed by duplex ultraso-
nography; 10 females; mean age 70.3+7.0years;
without TIA/stroke-like symptoms; see Table 1)
and 30 age-matched HCs (17 females; mean age
70.2 £ 4.8 years). Asymptomatic ICAS patients were
identified by incidental findings. Healthy controls
were enrolled by word-of-mouth advertisement from
May 2015 until May 2017. The examination included
medical history, basic neurological examination and
MRI. Exclusion criteria were any neurological, psychi-
atric or systemic diseases, clinically remarkable struc-
tural MRI findings (e.g. territorial stroke lesions,
bleedings, or a history of brain surgery), severe chronic
kidney disease or MR contraindications. The study was
approved by the medical ethical board of the Klinikum
rechts der Isar, in line with Human Research
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Table 1. Clinical characteristics for ICAS patients and healthy controls.
Patients (n =29) Healthy Controls (n=30) p
Age (years) 703+£70y 702+48y 0.94
Female sex (No. (%)) 10 (34%) 17 (57%) 0.09
Stenotic degree (NASCET) 812+ 10.1 % -
Stenosis left-/right-sided (No.) 10/19 -
Good collateralization 17 (59%) 20 (67%) 0.34
Smoking (No. (%)) 15 (52%) Il (37%) 0.25
Mean pack-years in smokers 349 £ 219 21.5+ 153
Hypertension (No. (%)) 23 (79%) 16 (53%) 0.04*
Mean BP (mmHg, sys./dias.) 1544-23/86+10 1404+-20/84+7 0.01%/0.42
Body mass index 26347 26642 0.76
Diabetes (No. (%)) 8 (28%) 2 (7%) 0.03*
Medication (No. (%))
Antiplatelets 26 (90%) 6 (20%) <0.01*
Statins 19 (66%) 7 (23%) 0.10
Antihypertensives 20 (69%) 12 (40%) 0.19
CHD/PAOD (No. (%)) 16 (55%) 6 (20%) <0.01*
MMSE 279+26 286+ 1.4 0.19
TMT-A (s) 49.3+23.1 46.7+£29.7 0.72
TMT-B (s) 134.1 +65.5 116.9463.1 0.18
BDI 92+9.9 84+5.1 0.66
STAI 38311438 245115 0.23

Note: Variables are represented by the mean values and standard deviations. Two-sample t-tests were used for age, BP, and body mass index. Chi-
squared test for remaining group comparisons. Asterisks indicate significant group differences (p < 0.05). Collateralization status of the circle of Willis
was assessed by the presence of ACOM and PCOMs, based on contrast agent-based angiography scans.

BDI: Beck’s depression inventory; BP: blood pressure; CHD: coronary heart disease; LBT: line bisection test; MMSE: mini-mental state examination;
PAOD: peripheral artery occlusive disease; STAI: state trait anxiety inventory; TMT-A/B: trail making test—A/B.

Committee guidelines of the Technical University of
Munich (TUM). All participants provided informed
written consent in accordance with the standard proto-
col approvals.

Image acquisition

The multimodal MRI protocol was performed using a
clinical 3T Philips Ingenia MR-Scanner (Philips
Healthcare, Best, The Netherlands) using a 16-channel
head/neck and 32-channel head receive-coil. Custom
patches were applied on software release R5.1.8 to
optimize T>* imaging by macroscopic background gra-
dient correction,***® to apply multiband imaging
(MB)** and to improve pCASL by 3D GraSE readout,
prolonged labeling and improved background suppres-
sion (BGS).* Details of the imaging protocol were as
follows (Figure 1):

e Structural imaging involved T,-weighted FLAIR
(TE=289 ms, TR =4800 ms, inversion delay 1650
ms, TSE factor 167, 163 slices, matrix size 224 x 224,
voxel size 1.12 x 1.12 x 1.12 mm?, acquisition time
4:34 min) and T;-weighted MPRAGE (TE =4 ms,
TR =9 ms, o« =8°, TI=1000 ms, shot interval 2300
ms, SENSE AP/RL 1.5/2.0, 170 slices, matrix size
240 x 238, voxel size 1 x 1 x 1 mm?, acquisition time

5:59 min) to facilitate brain screening for lesions, their
rating according to the Fazekas-score®® (Rater: JG)
and tissue segmentation, respectively.

e pCASL was performed according to the ISMRM
perfusion study group consensus paper” and as
described previously.'' Since we applied single post
label delay (PLD), a prolonged PLD of 2000 ms was
used, which followed the consensus recommenda-
tions.”> The other imaging parameters were: Label
duration 1800 ms, 4 BGS pulses, segmented 3D
GraSE readout (TE=7.4 ms, TR=4377 ms,
o=90°, 16 slices, TSE factor 19, echo planar imag-
ing (EPI) factor 7, acquisition voxel size
2.75 % 2.75 x 6.0 mm?), three dynamics including a
proton density weighted (PD-weighted) M, scan,
and an acquisition time of 5:41 min.

e BH-fMRI was performed according to Pillai et al.**
with five end-expiratory breath-holds of 15 s that
were altered with 45 s of normal breathing.
Imaging was performed by single-shot EPI with
TE =30 ms, TR =1200 ms, «=70°, MB 2, SENSE
2, 38 slices, matrix size 64 x 62, voxel size 3 x 3x3
mm?®, acquisition time 5:48 min.

e T,-mapping was based on an eight echo gradient-
spin-echo (GraSE) sequence as described previous-
ly*”: TE; =ATE =16ms, TR =8596 ms, EPI factor
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Figure 1. Overview of MRI protocol and derived parameters. Structural imaging comprised FLAIR and MP-RAGE for lesion
detection and the generation of white matter (WM) and gray matter (GM) masks. Pseudo-continuous arterial spin labeling (pCASL)
was applied to measure cerebral blood flow (CBF) and breath-hold fMRI (BH-fMRI) for cerebral vascular reactivity (CVR). By DSC-
MR, time to peak (TTP) maps were derived and used to generate individual watershed areas (iVWSA) for each participant, which were
additionally GM/WM masked. By parametric modeling, relative cerebral blood volume (rCBV), oxygen extraction capacity (OEC), and
capillary transit-time heterogeneity (CTH) maps were calculated. By mq-BOLD, rOEF was modeled based on rCBV (normalized to
CBV =2.5% in NAWM), T, and T,* The iWSA-mask (orange box) was applied to each of the six hemodynamic biomarkers (green
boxes) for all participants. For group level analyses, average parameter values were calculated for both hemispheres inside and outside
of iWSAs in GM and WM.

the brain. The angiography was performed before
the DSC and also served as a prebolus.

47, 30 slices, gap 0.3 mm, matrix 112 x 91, voxel size
2 x 2 x 3mm®, acquisition time 2:23 min.

o Ty*-mapping used a 12-echo gradient echo (GRE)
sequence featuring exponential excitation pulses to
facilitate correction of magnetic background gra-
dients*® and duplicate acquisition of the k-space
center for motion correction,’’ as described previ-
ously’”: TE;=ATE=5ms, TR =1950ms, o= 30°,
mono-polar readout, 30 slices, matrix size 112 x 92,
voxel size 2 x 2 x 3mm?, total acquisition time 6:08
min.

e DSC-MRI used dynamic acquisition of 80 single-
shot gradient-echo EPI volumes (TE=30ms,
TR=1513ms, «=060°, 26 slices, voxel size
2.0x2.0x3.5mm?’, acquisition time 2:01 min)
during injection of a weight-adjusted Gd-DOTA

Image analysis

All processing procedures used custom MATLAB pro-
grams (MATLAB R2016b, MathWorks, Natick, MA,
USA) and SPMI12 (Wellcome Trust Centre for
Neuroimaging, UCL, London, UK). All parameter
maps were screened, especially for motion artefacts
(raters CP, SK), to exclude scans with low data quality
from the final evaluation. The following parameter
maps were calculated:

e GM and WM tissue masks were created by segmen-
tation of MPRAGE images and thresholding of
those maps with p>0.70.

bolus (concentration 0.5 mmol/ml, dose 0.1 mmol/
kg, at least 7.5mmol per subject, flow rate 4 ml/s,
injection 7.5 s after DSC imaging onset, with a 40 ml
saline flush), which followed the ASFNR recom-
mendations® and as described previously.*
Contrast-enhanced angiography of the arteries of
the neck and the aortic arch was also performed to
exclude other relevant stenoses arteries that supply

Quantitative CBF was derived from pCASL, where
label and control images were motion corrected,
averaged, subtracted, and the M, image was includ-
ed in the calculations according to Alsop et al.>> An
additional signal reduction of 25% was assumed due
to the application of BGS.***! The resulting CBF
maps were smoothed by a 3D Gaussian kernel
with FWHM of 5mm. CBF maps did not show
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evidence of arterial transit time (ATT) artefacts'' on
careful visual inspection of unsmoothed CBF maps
(JG, CP, SK) and as implied by a spatial coefficient
of variation <0.45 according to Mutsaerts et al.**

e Relative CVR maps were obtained from BH-fMRI
data.®* Time series data were motion corrected and
CVR was measured using beta-values that were cal-
culated by regression of a respiratory response func-
tion after correcting for a global time delay in a
model-driven approach according to Vondrackova
et al.®

e iWSAs were defined based on temporal delays in
perfusion, because of their peripheral location at
the edge of vascular territories, as previously pre-
sented.'* Temporal information was obtained from
DSC-based time-to-peak (TTP) maps. To this end,
smoothed TTP-maps were segmented semi-
automatically. Their location was confirmed by
comparison with an arterial transit time atlas and
assessment of perfusion territories by vessel selective
ASL for a subgroup of patients as previously
presented.'

e Parametric modeling of DSC-data followed the
approach of Jespersen and Ostergaard®® with semi-
automated AIF definition and yielded maps of
rCBV, OEC and CTH.***> The approach is based
on a single capillary model (see Figure 1 in Jespersen
and Ostergaard®®). It assumes that oxygen extrac-
tion in a single capillary depends on the transit
time of blood. Thus, oxygen extraction depends on
flow and the difference in plasma and tissue oxygen
concentration.***” OEC is obtained by integrating
single capillary contributions that are weighted by
the transit time distribution of the capillaries
within the capillary bed (see Eq. 1 in Jespersen and
Ostergaard®®). To this end, the probability density
function of capillary transit times is parametrized as
a gamma variate function (see Eq.2 in Jespersen and
Ostergaard®®), which allows estimation of CTH.***3
The CBV maps were normalized to normal appear-
ing white matter (NAWM) as previously
reported,”’** which yielded rCBV maps (Figure 1).

e rOEF was derived by a multi-parametric implemen-
tation for the quantification of the blood oxygena-
tion level-dependent (BOLD) effect.?” The method is
based on an analytical relationship between R,
venous CBV and venous oxygenation that was orig-
inally derived by Yablonskiy and Haacke for ran-
domly oriented magnetized cylinders assuming static
dephasing conditions.*® Quantitative T»,* and T,
parameter maps were calculated by mono-
exponential fitting of the multi-echo GRE and
even-echoes GraSE data, correcting influences of
magnetic background gradients, motion and stimu-
lated echoes as described previously.?”** Based on

these parameter maps, Ry’ = - —4- was calcu-
lated. DSC data were processed employing leakage
correction®”® to calculate CBV maps, which were
normalized to CBV=2.5% in normal appearing
WM  (NAWM)’! yielding rCBV. Using the
mq-BOLD approach,”” rOEF was calculated as
rOEF = L0 with ¢ = 9. 4 -n- Ay - By and
By =3 T with Ay = Ay,-Hect = 0.924-1077,
Ayy = 0.264-107° and the small-vessel hematocrit
Het = 0.35and y = 2.675 -10% s 171,

While estimation of OEC from DSC-MRI relies on
a vascular model,*** estimation of rOEF by mgq-
BOLD is based on an implementation®’ of an analyti-
cal model®® describing spin dephasing, i.e. susceptibility
related transverse relaxation, in the presence of ran-
domly oriented magnetized cylinders, i.e. blood vessels
containing deoxygenated blood.

Individual parameter maps were calculated in each
subject’s native space, as described above.
Subsequently, all data (CBF, CVR, rOEF,
MPRAGE, GM and WM masks) were spatially core-
gistered to the individual participant’s DSC-data
(rCBV, OEC, CTH, and iWSA) using SPM12 to main-
tain iWSA-masks in native space.

Statistical analysis

The mean values of each hemodynamic parameter were
calculated separately for hemispheres ipsilateral and
contralateral to the stenosis inside and outside the
iWSAs with additional GM (iWSA-GM) and WM
(IWSA-WM) masks for each participant. Two evalua-
tions were conducted on a group level. First, the aver-
age values of each parameter within the iWSA were
compared using paired-scatter plots between both
hemispheres. This was done separately for ICAS-
patients and HCs. Absolute parameter values per hemi-
sphere were compared between ICAS-patients and
HCs. Second, the parameter lateralization between
hemispheres was compared inside vs. outside iWSAs
for GM and WM of ICAS-patients. For comparisons
between hemispheres, one-sample t-tests were applied.
For comparisons between groups, two-sample t-tests
were applied. Generally, values of p <0.05 were con-
sidered statistically significant.

Results

Figure 2 shows exemplary data of two ICAS-patients.
These results demonstrate impairment of multiple
hemodynamic parameters. Specifically, CBF and
CVR were decreased ipsilaterally to the stenosis
and there was concomitant elevation of rCBV, OEC
and CTH. The location and strength of the
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Figure 2. Exemplary parameter maps of two patients with right-sided ICAS. Hemodynamic parameter maps show individually
defined watershed areas (iWSA), CBF, CVR, rCBY, brain regions complementary to iVWSAs (outside-iWSA), rOEF, OEC and CTH.
CBF and CVR were decreased ipsilateral to the stenosis in both patients (white arrows, a, b). In the first patient, focal ipsilateral rOEF
increases correspond to elevated OEC and CTH (red arrows, a). In the second patient, rCBV was ipsilaterally increased (yellow
arrow, b). Generally, OEC and CTH elevations appear spatially more expanded (red arrows, a, b). For group analyses, each hemi-
sphere’s subject-specific iVWSA and outside-iWSA masks with additional GM/WM-masking were applied to parameter maps and

average values calculated within each volume of interest (VOI).

iWSA: individual watershed areas; CBF: cerebral blood flow; CVR: cerebrovascular reactivity; rCBV: relative cerebral blood volume;
rOEF: relative oxygen extraction fraction; OEC: oxygen extraction capacity; CTH: capillary transit-time heterogeneity.

impairments was variable for the six parameters,
e.g. regions of obvious CBF and rCBV
impairments did not overlap in the second patient
(Figure 2(b)). Furthermore, the first patient had
much more widespread CVR decreases, but no

apparent rCBYV effects in the displayed slice (Figure 2
(a)). Minor focal rOEF increases were only observed in
the first patient, and they corresponded to elevated
OEC and CTH, which appeared to be spatially more
extended.
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Group level comparisons between hemispheres in
ICAS-patients showed statistically significant laterali-
zation of all evaluated parameters (p <0.01), except
for rOEF (Figures 3 and 4). Those lateralization of
CBF, CVR, rCBV, OEC and CTH in ICAS-patients
were significantly different from HCs (p <0.05). In
HCs, all parameters were symmetrical between hemi-
spheres. Although OEC showed significant side differ-
ences in HCs (p < 0.001), the magnitude of differences
was negligible (OEC = 0.38 in both hemispheres within
iWSA-GM, Table 2). In the patients, CBF was
decreased in the hemisphere ipsilateral to the stenosis
(lateralization ACBF =-18% in iWSA-GM, p < 0.001,
Figure 3). Absolute CBF values in the contralateral
ICAS hemisphere were comparable to HCs (CBF in
iWSA-GM =~ 30 ml/100g/min). For CVR, beta-values
were statistically significantly decreased ipsilateral to

the stenosis (-15% in 1WSA-GM, p<0.001).
Contralateral CVR values in GM were decreased com-
pared to HCs, while contralateral CVR values in WM
were comparable to HCs. Relative CBV was signifi-
cantly increased in the ipsilateral ICAS hemisphere
compared to the contralateral hemisphere (+5% in
iWSA-GM, p < 0.01). Values of rCBYV in the contralat-
eral ICAS hemispheres were comparable to HCs within
WM, while rCBV in GM was decreased in both ICAS
hemispheres compared to HCs. Analysis of rOEF
revealed symmetry between hemispheres with compa-
rable values to HCs (rOEF=x0.6 in iWSA-GM,
Figure 4). Only the variability of rOEF was increased
across ICAS-patients (bilaterally increased standard
deviation (SD) by +50% compared to HCs within
iWSA-GM, Table 2). Values of OEC and CTH were
ipsilaterally increased (OEC by +12% and CTH by
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Figure 3. Paired scatterplots comparing perfusion-related parameters between hemispheres within iWSAs in GM (a) and WM (b).
CBF, CVR, and rCBV are compared for ICAS patients and healthy controls. To facilitate direct comparisons, scatterplots of parameter
values in GM and WM of iWSAs are stacked in (a) and (b). Dots represent the mean parameter values of each subject within iVWSAs in
GM or WM - lines connect the mean values of both hemispheres from the same subjects. Dashed red lines indicate parameter’s group
mean values within each hemisphere. In ICAS patients, all parameters showed statistically significant differences between hemispheres
(one-sample t-test, p < 0.05, asterisks) and lateralization was also significantly different from HCs (two-sample t-test, p < 0.05, double
asterisks). All parameters were symmetrical between the hemispheres of HCs.

ICAS: internal carotid artery stenosis; CBF: cerebral blood flow; CVR: cerebrovascular reactivity; rCBV: relative cerebral blood

volume; iWSA: individual watershed areas.
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Figure 4. Paired scatterplots comparing oxygenation-related parameters between hemispheres within iWWSAs in GM (a) and WM
(b). rOEF, OEC and CTH are compared for ICAS patients and healthy controls. To facilitate direct comparisons, scatterplots of

parameter values in GM and WM are stacked in (a) and (b). Dots represent mean parameter values of each subject within iWSA in
GM or WM - lines connect mean values of both hemispheres from the same subjects. Dashed red lines indicate parameter’s group
mean values within each hemisphere. In ICAS patients, all parameters except rOEF showed statistically significant differences between
hemispheres (one-sample t-test, p < 0.05, asterisks) and lateralization was also significantly different from HCs (two-sample t-test,
p < 0.05, double asterisks). Although OEC showed significant side differences in HCs, the magnitude of differences was negligible. All

parameters were symmetrical between the hemispheres of HCs.

rOEF: relative oxygen extraction fraction; OEC: oxygen extraction capacity; CTH: capillary transit-time heterogeneity; iWSA: indi-

vidual watershed areas; ICAS: internal carotid artery stenosis.

+18% within 1WSA-GM, p<0.001, Figure 4).
Furthermore, the CTH variability was increased (SD
by +41% in ipsilateral iWSA-GM compared to HCs,
Table 2). All average hemisphere’s parameter values
are summarized in Table 2.

Parameter lateralization in ICAS-patients was com-
pared inside vs. outside iWSAs and separately masked
with GM and WM (Figure 5(a) and (b), respectively).
Generally, CBF, CVR and rCBV showed stronger lat-
eralization inside iWSAs compared to outside iWSAs.
In detail, CBF and CVR were significantly lateralized
in all masks, inside as well as outside of iWSA-GM and
iIWSA-WM (p <0.01). Despite CBF and CVR lateral-
ization outside iWSAs, the effects inside iWSAs were
still significantly stronger (+117% for ACVR inside vs.
outside iWSA-GM, p < 0.01). Additionally, the effects

in WM were stronger (Figure 5(b)) compared to GM
(Figure 5(a)). For example, lateralization of CBF
and CVR was stronger within iWSA-WM (ACBF =
ACVR =-24%) versus iWSA-GM (ACBF=-18%
and ACVR =-15%). The effects of ArCBV were simi-
lar to ACBF and ACVR but had the opposite sign.
Relative CBV was also significantly lateralized outside
iWSAs but was significantly stronger affected inside
IWSA-WM (+96% for ArCBV iWSA-WM inside vs.
outside, p=0.016) and with a strong trend for iWSA-
GM (+56%, p=0.058). Nevertheless, lateralization
of rCBV was weaker compared to CBF or CVR
(ArCBV=6% vs. ACBF=ACVR=-24% within
iWSA-WM). Regarding OEC and CTH, lateralization
was observed in all masks, specifically inside/outside
iWSA-GM/WM (10% to 18%). Contrary to the
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Table 2. Average hemodynamic parameter values inside GM and WM of iWSAs.
Hemodynamic parameters
Mask Group  Hemisphere CBF (ml/100g/min) CVR (Beta) rCBV (%) rOEF OEC CTH (s)
iWSA-GM  Healthy Left 29.7+£57 289+58 459+037 058+0.05 0.38+0.07* 275+0.95
Right 288+5.6 29.1£58 457+045 059+0.05 0.38+0.07* 281+0.95
ICAS Ipsi 25.1 +69 % 205+59* 443+036* 0.58+0.08 038+0.08* 3.03+1.34%
Contra 30.0+6.9 * 238+£6.6* 4234+038* 059+0.07 034+0.10* 254+123%*
iWSA-WM  Healthy Left 21.5+45 167+46 248+0.08 0.99+£0.09 042+0.07* 3.42+£1.20
Right 20.7£4.0 159+3.1 247 +£0.08 .01 £0.10 0.44+£0.07* 3.48£1.11
ICAS Ipsi 17.1£55%* 1224+3.1* 262+0.16 * 0.96+0.12 044+0.07* 3.8l£1.70*
Contra 21.84+ 6.0 * 156+56* 247+0.10* 0.98+0.10 039+0.09* 325+144%*

Note: Hemodynamic parameters CBF, CVR, rCBYV, rOEF, OEC and CTH were evaluated inside masks of iVWWSA in GM and WM for healthy controls and
ICAS patients, and comparisons were made between both hemispheres. For healthy controls, left vs. right hemispheres were compared and for ICAS
patients between hemispheres ipsilateral vs. contralateral to the stenosis (mean =+ standard deviation). Statistically significant differences based on

t-tests between hemispheres are indicated by asterisks.

CBF: cerebral blood flow; CVR: cerebrovascular reactivity; rCBV: relative cerebral blood volume; rOEF: relative oxygen extraction fraction; OEC:
oxygen extraction capacity; CTH: capillary transit-time heterogeneity iVWWSA: individual watershed areas; ICAS: internal carotid artery stenosis.

previously reported parameters, OEC and CTH were
similarly affected inside and outside iWSAs. In addi-
tion, AOEC and ACTH lateralization was comparable
in GM (Figure 5(a)) and WM (Figure 5(b)).

Discussion

In this study, we present a multimodal MRI-based
investigation of hemodynamic impairments in unilater-
al ICAS. Specifically, we explored whether six perfu-
sion and oxygenation sensitive parameters were
affected more inside vs. outside iWSAs. CBF was mea-
sured with a single-PLD pCASL, CVR by breath-hold
fMRI (BH-fMRI), rCBV by DSC, rOEF by mq-BOLD
and OEC as well as CTH by parametric modeling of
DSC-data. Individual WSAs were defined semi-
automatically using DSC-based TTP maps.

We showed impairments of CBF, CVR, rCBV, OEC
and CTH - but not of rOEF — in unilateral ICAS-
patients. We also showed that all parameters were
unaffected in our healthy control cohort, which
affirmed the specificity of the selected parameters.
According to our hypothesis, impairments of CBF,
CVR and rCBV in ICAS were more pronounced
inside iWSAs than outside. In addition, impairments
were stronger in WM compared to GM. At the same
time, OEC and CTH were severely impaired, but inde-
pendent of iWSA locations. Measured impairments of
the individual parameter values were in agreement with
previously reported literature values. Beyond that,
comparisons of complex multimodal parameter altera-
tions offer a broader perspective on the pathophysio-
logical  conditions of complex microvascular
impairments in ICAS, which is discussed below.

Impaired perfusion (CBF, CVR and rCBV)

Ipsilateral to the stenosis, we measured decreased CBF
(-18% in iWSA-GM), which is in agreement with pre-
vious PET>? and MRI studies’* as well as the model
of Powers et al.'® In the contralateral hemisphere,
absolute CBF values were comparable to HCs, but
the variability was increased (SD across subjects
increased by +22% in patients compared to HCs
within iWSA-GM). This could be explained by subject
specific collateralizations of blood flow,'” that affect
the contralateral hemisphere, and thereby increasing
the inter-subject variability of contralateral CBF.
Even though no obvious signs of arterial delay
artefacts were found, CBF in watershed areas of
ICAS-patients may potentially be affected by delayed
blood arrival.>*

We detected decreased CVR on the side of the ste-
nosis in ICAS-patients (—15% compared with contra-
lateral values and —29% compared with HCs in iWSA-
GM), as predicted by the basic hemodynamic model
and in agreement with other studies.’>* We also
found decreased CVR in the contralateral hemisphere
(—-18% compared with HCs in iWSA-GM). This can be
explained by blood flow collateralization from the con-
tralateral side, which caused hemodynamic stress even
in the contralateral hemisphere. Those observed bilat-
eral effects have been described previously’® and high-
light the fact that unilateral ICAS can affect both
hemispheres. Nevertheless, CVR on a group level was
still significantly lateralized between the hemispheres
(ACVR =-24% in iWSA-WM), which underlines the
high sensitivity of hemispheric CVR comparisons.

We also found lateralization of rCBV with higher
values ipsilateral to the stenosis (+5% in iWSA-GM),
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Lateralization between hemispheres within iWSA-GM of ICAS-patients
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Figure 5. Parameter’s lateralization between hemispheres inside vs. outside of iWSAs in GM (a) and WM (b). Lateralization was
calculated from differences of mean values between hemispheres ipsilateral and contralateral to the stenosis. Four VOIs were
compared (see exemplary inlays): inside iVWSAs in GM (orange, a), outside iVWWSAs in GM (light blue, a), inside iWSAs in WM (red, b)
and outside iWSAs in WM (dark blue, b). Negative ACBF and ACVR corresponded to decreased values ipsilateral to the stenosis,
while ArOEF was unaffected and ArCBV, AOEC and ACTH were increased. Asterisks indicate statistically significant lateralization
(one-sample t-test, p < 0.01). ICAS-related impairments of ACBF, ACVR and ArCBV were statistically significantly enhanced inside of
iWSAs compared to the outside of iVWSAs (double asterisks, one-sample t-test, p < 0.05).

CBF: cerebral blood flow; CVR: cerebrovascular reactivity; rCBV: relative cerebral blood volume; OEC: oxygen extraction capacity;

CTH: capillary transit-time heterogeneity.

which was expected from the model and also agrees
with previous publications.'®-3%33:6061 " [psilateral
rCBYV increases alongside with decreased CVR, which
confirmed the assumed chronic vasodilation.®?
However, we also observed bilateral effects. Values of

rCBV within iWSA-GM in both hemispheres were gen-
erally lower for ICAS-patients compared to HCs,
which is in excellent agreement with previous PET
measurements.®” Within iWSA-WM masks, rCBV
was comparable in contralateral ICAS hemispheres
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and HCs (=2.5%, Table 2), due to our processing with
rCBV normalization to 2.5% in NAWM.?"!

Spatial variability of perfusion impairments

Interestingly, the localizations of CBF, CVR, and
rCBV impairment were highly variable among patients.
In addition, the spatial overlap of compromised hemo-
dynamic biomarkers within the same subject was highly
variable. These effects clearly demonstrate the limita-
tion of the simplified model that was proposed by
Powers et al.'® on a single subject level. It furthermore
demonstrated that the evaluated parameters
indeed yielded complementary information (see
Supplemental Figure 1) about different pathophysio-
logical effects. For example, the ICAS patient pre-
sented in Figure 2(a) showed spatially non-congruent
impairments of CBF and CVR without obvious rCBV
effects. In contrast, the second patient shown in
Figure 2(b) demonstrated rCBV and CVR effects at
very similar locations, while CBF was impaired in
other regions. We assume two major causes for this
high inter-subject spatial variability. First, the varying
degrees of the stenosis (81.2+10.1%, Table 1) influ-
enced the CPP decreases and this explains inter-
subject variations of hemodynamic impairments.
Second, configurations of the circle of Willis can vary
a great deal among patients and can cause very differ-
ent collateralization patterns.'>® An unilateral CPP
decrease in ICAS together with high recruitment of
collateral blood flow can cause strong shifts of perfu-
sion territories in the entire brain.'**? Consequently,
locations of hemodynamic impairments are highly sub-
ject specific. At the same time, different hemodynamic
mechanisms are indicated to act at different locations,
which complicated the interpretation of individual
maps of hemodynamic biomarkers. Therefore, our pro-
posed protocol for measurements of multiple hemody-
namic biomarkers within a single imaging session is a
promising method that can help to better explain
highly subject specific impairments. Additionally, eval-
uation within iWSAs indeed helps to overcome the dis-
turbing effects of the high spatial variability, as iWSAs
specifically select the most severely impaired areas of
CBF, CVR and rCBV at the same time, as initially
hypothesized.

The perfusion impairments of CBF, CVR and rCBV
were found to be enhanced in WM compared to GM of
iWSAs. The stronger lateralization of ACBF and
ArCBYV in unilateral ICAS within WM agreed with
results from a previous study.®’ Physiologically, the
stronger effects within WM-iWSAs can be well
explained by the architecture of the blood supply to
GM and WM." Sections of iWSAs in WM are
expected to be located at the most distal arterial

branches, where CPP is generally assumed to be the
lowest. Additional influencing factors may also be
due to delay effects in single-PLD pCASL>* ¢ and
delay effects in CVR-imaging.* Even though CBF
evaluation by ASL is known to be challenging in
WM due to a lower SNR? and partial volume
effects,®> a previous study showed its sensitivity to
WM perfusion deficits,® which was also supported
by our successful evaluations on a group level
Overall, our measured impairments of CBF, CVR
and rCBV in WM are consistent with previous reports
in the literature®! and indicate the highest sensitivity to
hemodynamic impairments within WM of iWSAs.

Oxygenation

In contrast to the previously discussed perfusion
parameters, average rOEF values by mq-BOLD were
found to be unaffected in ICAS-patients. On a group
level, we neither found lateralization between
hemispheres nor significant differences between
ICAS-patients and the HC-group. This finding of an
unaffected rOEF with concomitant ipsilateral CBF
decreases was in excellent agreement with a recent
study from Bouvier et al. using a very similar method-
ology.” Using the model of Power et al.,'® these results
implied that high-grade asymptomatic ICAS-patients
are not yet in the range of misery perfusion.®’
Nevertheless, individual patients showed slight focal
increases of rOEF, which probably contributed to the
observed increase in rOEF variability in ICAS-patients
within both hemispheres (bilateral SD increased by
+50% in ICAS compared to HCs within iWSA-GM,
Table 2). This is in agreement with a PET study, that
demonstrated bilateral increases of OEF variability in
ICAS-patients compared to controls.®

According to Power’s model,'® which is based on
Fick’s principle in an iso-metabolic state,*® rOEF
should increase in regions of reduced CBF to maintain
the oxidative metabolism. An explanation for this
apparent mismatch of reduced CBF and unchanged
rOEF might be subtle damage to the neuronal tissue
due to previous, temporary lapses in oxygen, which
agrees with the subtle cognitive impairments detected
in our study cohort.> Another possibility is that addi-
tional factors regulate the cerebral oxygen delivery as
proposed by Hyder et al.?*** Their model permits
changes in oxygen diffusivity at the capillary level due
to changes in perfusion and also related alterations in
rheological parameters at the microscopic level. Tube
hematocrit, defined as the instantaneous volume frac-
tion of red blood cells (RBCs) in a capillary, may
change dynamically as the velocities of RBCs and
plasma in capillaries are not equivalent. Tube hemato-
crit is uniquely different from discharge hematocrit,
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which is a measure of volume percentage of RBCs in
blood and consistently approximates systemic hemato-
crit values. Thus, differences between tube and dis-
charge hematocrit could explain our results and this
could also explain the variability in local regulation
observed across our subjects.®” Alternatively, varia-
tions in oxygen diffusivity may also have an association
with the above discussed increased rOEF variability,
i.e. oxygen diffusivity might be more severely altered
in some patients. Thus, direct MRI-based measure-
ments of oxygen diffusivity would be highly promising
to better understand the complexities of cerebral
oxygen delivery.

Germuska et al. recently proposed an interesting
technique for modeling oxygen diffusivity based on
MRI  measurements during gas challenges.”®
However, their combination of competing models,
namely where oxygen diffusion is either limited’' or
not,”® requires further research. Oxygen diffusivity at
the systemic level is determined by the discharge hemat-
ocrit. As correlations between high blood pressure and
elevated discharge (or systemic) hematocrit have been
demonstrated’>”® and many of our ICAS-patients
showed hypertension (79%, see Table 1), the systemic
hematocrit level of our patients might be elevated.
Following this argumentation, the higher blood pres-
sure in ICAS could be potentially linked to a higher
variability in oxygen diffusivity and thus increased
rOEF variability. However, since we did not measure
hematocrit levels in our participants, future studies
evaluating hematocrit levels are clearly required to fur-
ther evaluate this hypothesis.

Capillary transit time heterogeneity and dysfunction

Based on parametric modeling of DSC-data, we
observed increased capillary transit-time heterogeneity
on the side of the stenosis, which was in accordance
with a previous study in ICAS-patients.*
Interestingly — and unlike previously discussed for
CBF, CVR and rCBV — we found that CTH laterali-
zation was independent of iWSA locations. These CTH
impairments beyond iWSAs are in agreement with a
recent study that demonstrated a spatial mismatch of
CTH and T,,,, impairments.®* Since Ty is closely
related to TTP, which was used to delineate our
iWSAs,'" our finding of mismatching CTH impair-
ments and iWSA regions excellently agreed with their
findings. A possible physiological explanation might be
that TTP is more sensitive to macrovascular perfu-
sion,”* while CTH is assumed to be particularly sensi-
tive to capillary flow.*°

Lateralization of CTH outside-iWSA was stronger
than for any other parameter (~16% outside iWSAs).
This result points to a more widespread microvascular

pathology beyond areas that are obviously affected by
perfusion deficits. It is, therefore, possible that CTH
offers complementary information about microscopic
rheological events of capillary hemodynamics compared
to CBF, CVR and rCBYV, as these behave fundamentally
differently inside and outside of iWSAs. Consequently,
CTH is a promising early indicator of microvascular
impairments in ICAS with rather subtle CPP decreases.
At the same time, CTH may detect spatially more wide-
spread microvascular involvement compared to CBF,
CVR or rCBV. As DSC-imaging could be applied in
standard clinical diagnostic MRI of ICAS in the
future,”> additional promising information could be
gathered by parametric modeling with respect to CTH.

Furthermore, there might be a link between CTH and
the previously discussed oxygen diffusivity. As most
oxygen diffusion through the vessel walls is expected
to come from the capillaries,’® capillary flow patterns
have also been linked with the efficacy of oxygen extrac-
tion.”* Thus, variations in the oxygen diffusivity may be
potentially moderated by CTH.?®’” Along this line, in
2012, Jespersen and @stergaard proposed to additional-
ly derive information on tissue oxygen supply via para-
metric modeling of DSC-data.?® They claimed that CTH
increases would at some point result in a decrease of
OEC, a condition they termed ‘malignant’” CTH.
Following their argumentation, ICAS-patients in our
cohort would still reside in the regime of benign CTH
with rather increased OEC, which agrees with our obser-
vations. With respect to a rather qualitative interpreta-
tion, exemplary parameter maps imply some congruency
of spatial patterns between OEC and CTH maps in our
subjects. Furthermore, lateralization of AOEC and
ACTH was similar on a group level (Figure 4) and
also among  individual ICAS-patients (see
Supplemental Figure 1). Thus, a mild to moderate vas-
cular pathology is implied in our patients with reduced
perfusion pressure and capillary constrictions, but rather
no capillary occlusions, according to previously pre-
sented simulations.”® However, the exact physiological
interpretation of OEC is difficult because it relies on the
validity of a complex modeling approach, which requires
further investigation. Even though OEC and rOEF are
both supposed to be related to cerebral oxygenation,
average OEC and rOEF values did not correlate
within iWSAs (see Supplemental Figure 2). This is cer-
tainly due to the fact that they rely on different models
as introduced in the methods (see ‘Image analysis’ sec-
tion in the methods description).

Applicability and Limitations

This study has several strengths, but also some limita-
tions. An obvious strength is the simultaneous multi-
modal assessment of cerebral perfusion and
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oxygenation parameters, which allows the evaluation
of specific stenosis-related hemodynamic effects
within subjects. Given the high variability of the hemo-
dynamic situation in individual patients (see
Supplemental Figure 1), multimodal MRI is especially
promising to evaluate subject specific impairments.

Regarding the different applied methods, CBF
imaging by pCASL is a very promising non-invasive
method for initial non-invasive diagnostics.*?
However, it is not applicable after stenting, because
of SAR limitations. We sought to minimize potential
delay effects of single-PLD pCASL by using longer
PLDs, as suggested by the consensus recommenda-
tions.”> Those delay effects are a generally known
methodological issue of single-PLD pCASL.>*>° We
did not observe obvious signs of major delays in the
label arrival by visual and quantitative inspection of
our data. However, quantitative errors in the regions
with potentially prolonged longer ATT, such as the
watershed areas, cannot completely be excluded.’”-%®
To address this issue in the future, time-encoded ASL
could be applied.””*" Generally, measured CBF was
lower than expected, which has been observed before
with this dataset'' and can be explained by the
applied BGS.*%!

Breath-hold fMRI for CVR imaging is sensitive to
impairments in ICAS, non-invasive, easy to apply, and
applicable after stenting. Although our implementation
of BH-fMRI was limited by use of comparably short
CO», stimuli and unknown end-tidal CO, concentra-
tions,”* the applied scheme using 15second breath-
holds already demonstrated good reproducibility®'
and was found to be adequate for relative CVR com-
parisons.”* To further increase the reliability, we per-
formed a comprehensive analysis applying a
respiratory response function.* Theoretically, motor
cortex activation may cause minor bilateral effects.
As an alternative, gas challenges could be applied
that would be more precise, but also more complicat-
ed.?* Using gas challenges, additional voxel-wise delay
information can be derived, which already showed
promising results in Moyamoya patients.®>

DSC imaging offers a broad range of different
parameters and promising information about capillary
dysfunction when using parametric modeling.
However, the currently ongoing discussion about con-
trast agent accumulations should be considered.®?

Measurements of rOEF by mg-BOLD did not show
direct benefits for diagnostic evaluation of our high-
grade, asymptomatic ICAS-patients. Nevertheless,
research studies can benefit from concomitant rOEF
and CBF measurements when investigating the
oxygen metabolism.!" Despite the known systematic
rOEF elevations in mq-BOLD?"** and neglect of intra-
vascular signal contributions as well as vessel size

dependent hematocrit variations, this method has
been successfully applied in studies on different brain
pathologies and compares well with PET measure-
ments.'"?"4*8587 Eyrthermore, improved quantitative
T, mapping by a 3D GraSE sequence significantly
reduces rOEF values toward lower, physiologically
more realistic values.® This is a viable alternative for
future studies. The application of mg-BOLD in WM
could be considered another potential limitation, as the
underlying model assumes randomly oriented blood
vessels.*® Although vessel orientation effects in WM
have been observed,®® recently, reasonably low
orientation-related errors of mq-BOLD were demon-
strated in WM.*

Future multi-center studies — such as the CREST-H
study’ — are clearly necessary to further resolve current
limitations and to gain an even deeper understanding
of the hemodynamic impairments in ICAS. Finally,
improvement in the treatment guidelines could be
achieved by considering perfusion and oxygen sensitive
biomarkers. In addition to possible future applications
in ICAS, the proposed MRI protocol is also highly
promising for application in other cerebrovascular dis-
eases (CVD), which are often also associated with ele-
vated stroke risks.’

Conclusion

In the presented study, we demonstrated the sensitivity
of our multimodal MRI protocol to detect hemody-
namic impairments in unilateral ICAS. Hemodynamic
parameters were found to be clearly lateralized between
hemispheres in ICAS-patients, whereas in HCs, all
parameters were symmetrical between the hemispheres
affirming specificity. As hypothesized, the most pro-
nounced changes of CBF, CVR and rCBV in ICAS-
patients were detected within iWSAs. Contrary to
simple models, we found subject-specific impairments
of the investigated six parameters CBF, CVR, rCBV,
rOEF, CTH, and OEC, which demonstrated their abil-
ity to yield complementary information about the
underlying pathology. We also found contralateral
effects in some patients, which can be explained by
collateral flow. Interestingly, CTH and OEC increases
were independent of iWSA locations, which indicated
more widespread impairments of capillary function.
Our results offer substantial improvement in under-
standing the relationship of involved parameters in
individual patients. Therefore, multimodal MRI is
highly promising to improve clinical diagnostics of
asymptomatic ICAS by accounting for individual
hemodynamic impairments towards personalized
stroke risk assessment. Most importantly, application
of iWSAs increased the sensitivity for impairments of
CBF, CVR and rCBV. Thus, knowledge about iWSA
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locations can even facilitate detection of subtle hemo-
dynamic changes using standard MRI protocols.
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