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Abstract

Cortical thinning is a potentially important biomarker, but the pathophysiology in cerebrovas-
cular disease is unknown. We investigated the association between regional cortical blood
flow and regional cortical thickness in patients with asymptomatic unilateral high-grade inter-
nal carotid artery disease without stroke. Twenty-nine patients underwent high resolution
anatomical and single-delay, pseudocontinuous arterial spin labeling magnetic resonance
imaging with partial volume correction to assess gray matter baseline flow. Cortical thick-
ness was estimated using Freesurfer software, followed by co-registration onto each
patient’s cerebral blood flow image space. Paired t-tests assessed regional cerebral blood
flow in motor cortex (supplied by the carotid artery) and visual cortex (indirectly supplied by
the carotid) on the occluded and unoccluded side. Pearson correlations were calculated
between cortical thickness and regional cerebral blood flow, along with age, hypertension,
diabetes and white matter hyperintensity volume. Multiple regression and generalized esti-
mating equation were used to predict cortical thickness bilaterally and in each hemisphere
separately. Cortical blood flow correlated with thickness in motor cortex bilaterally (p =
0.0002), and in the occluded and unoccluded sides individually; age (p = 0.002) was also a
predictor of cortical thickness in the motor cortex. None of the variables predicted cortical
thickness in visual cortex. Blood flow was significantly lower on the occluded versus unoc-
cluded side in the motor cortex (p<0.0001) and in the visual cortex (p = 0.018). On average,
cortex was thinner on the side of occlusion in motor but not in visual cortex. The association
between cortical blood flow and cortical thickness in carotid arterial territory with greater thin-
ning on the side of the carotid occlusion suggests that altered cerebral hemodynamics is a
factor in cortical thinning.
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Introduction

Thinning of the cortex in the brain has been linked to cognitive impairment in neurodegenera-
tive dementias[1-4] and vascular disease[5-7], making the radiographic assessment of cortical
thickness a potentially valuable biomarker for cognitive decline.[8] It has been difficult to
determine the underlying causal mechanisms of cortical thinning, however, which is likely to
differ by disease type. In patients with cardiovascular disease, it has been reported that chronic
hypertension[9], diabetes[10, 11] and heart failure[12] confer risk for generalized cortical thin-
ning. In addition, cortical thinning has been associated with clinically and radiographically
apparent cerebral ischemic injury, both in small-vessel and large-vessel infarction, and in asso-
ciation with white matter hyperintensity volumes (WMHYV).[13, 14] Yet despite correlative
studies in these populations there has not been an adequate way to investigate the hemody-
namic variables that contribute to cortical thinning. Asymptomatic, unilateral high grade
internal carotid artery (ICA) stenosis may provide a model for one potential factor—altered
cerebral blood flow—because intra-subject assessments can be made, comparing blood flow in
the occluded vs non-occluded side, and carotid vs non-carotid territory.

We recently reported asymmetry in cortical thickness between the cortex supplied by a uni-
laterally occluded carotid artery and the cortex in the opposite hemisphere.[15] This finding
prompted us to examine blood flow differences as a potential causal factor in cortical thinning.
In the present study, using the same cohort, we investigated the relationship between cortical
thinning and regional cortical blood flow (rCBF). We hypothesized that such a relationship in
the setting of severe carotid atherosclerotic disease, with a known cause for compromised
blood flow but without frank cerebral infarction, would provide new mechanistic support for a
link between altered cerebral hemodynamics and loss of cortical thickness.

Materials and methods

Study participants

Twenty-nine patients, age 50-93, 20 male, 27 right-handed, with unilateral 80-100% ICA
occlusion but no stroke were included in the study. Inclusion criteria were: > 80% carotid ste-
nosis (n = 15) or complete occlusion (n = 14), with < 40% stenosis in the contralateral ICA.
Other inclusion criteria were: asymptomatic status or TIA-only, fluent in English, and able to
give informed consent. Exclusion criteria included prior clinical stroke, diagnosis of dementia,
history of head trauma with loss of consciousness, current substance abuse, major psychiatric
disease, NYHA Stage 3/4 congestive heart disease, or contraindication to MRI. Presence of
hypertension and diabetes were defined as the patient being on medications for that condition.
All participants signed the consent form approved by the Institutional Review Board of
Columbia University Medical Center. This institutional review board specifically approved
this study.

Carotid artery stenosis. Carotid artery occlusive disease was assessed by carotid Doppler
ultrasound in our IAC-accredited Neurovascular Ultrasound Laboratory at Columbia Univer-
sity Medical Center, and some individuals additionally underwent magnetic resonance angiog-
raphy, or computed tomographic angiography. Degree of stenosis by Doppler was determined
by flow velocities in the internal carotid artery (ICA) at the carotid bifurcation. Peak systolic
velocities (PSV) >250cm/sec were classified as “high grade stenosis;” total occlusion was deter-
mined by visualization of the obstruction with B-mode Doppler, and quantification of lack of
flow in the distal ICA bifurcation segment. Sixteen (55%) of the patients underwent additional
testing by structural imaging, and all were concordant with the Doppler findings. The extra-
cranial vertebral arteries were insonated as well. All patients also underwent transcranial
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Doppler ultrasound using a 2MHz probe at the temporal window to determine if there was
blunting of the middle cerebral artery (MCA), as an indication that the proximal obstruction
from the ICA stenosis/occlusion was hemodynamically significant. The posterior circulation
was also insonated via the suboccipital window.

Magnetic image acquisition and processing. Imaging was performed on a 3T Philips
Achieva scanner at Columbia University Medical Center. The following sequences were
obtained on each participant: 1) A high-resolution 3D T1-weighted magnetization-prepared
rapid gradient echo (MPRAGE) image was acquired with the following parameters: TE/

TR = 3ms/6.7ms, voxel size = 0.9 x 0.9 x 0.9 mm?, 120 axial slices. This image was used to com-
pute both the regional cortical thickness (rCT)[15] and to extract tissue volume data for partial
volume effect correction (PVEc) of the arterial spin labeling (ASL) images.[[16, 17]] 2) Fluid-
attenuated inversion recovery (FLAIR) images were acquired in the Multi-Slice Turbo Spin
Echo (MS-TSE) mode with FOV = 250 mm, acquisition matrix of 192x133 resampled to
256x256 in reconstruction, slice thickness = 3 mm, TE/TR = 144 ms/5500 ms, inversion recov-
ery delay = 1900 ms, and flip angle = 90 deg. An automated segmentation method was used

to quantify total white matter hyperintensity volume for each hemisphere using the T1-
weighted and FLAIR scans, applying random forests and support vector machines.[18] 3) a
single-delay, background-suppressed pseudocontinuous arterial spin labeling (pCASL) images
were acquired with the following parameters: TE/TR = 14ms/4500ms, flip angle = 90deg, label-
ing duration, LD = 1950 ms, initial post-labeling delay, PLD, = 1200ms, slice-timing = 75ms,
number of slices = 12, slice thickness = 8mm, in plane resolution = 3.5mm x 3.5 mm. The
imaging volume was positioned such that the primary cortex was covered by slices 10 and 11,
with effective PLD 2.0s and 2.1s, respectively. A 2D gradient echo EPI readout was used with
background suppression pulses applied at 1680ms and 2760ms. For each patient, an average
ASL CBF image was computed from a total of 60 control/label pairs as described below. The
LD and PLD parameters were chosen based on arterial transit times (ATT) estimates in an
aging population[19], as well as pilot data from the same population from our group.

For PVEc ASL preprocessing and gray matter CBF extraction, we used SPM12 software and
in-house written MatLab codes as detailed in our previous work [20, 21]. Briefly, for each sub-
ject: (1) all EPI images were realigned to the first acquired images; (2) Gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) posterior probability images representing
voxel tissue content (in %) were obtained from subject’s MPRAGE using SPM12’s segmenta-
tion algorithm (http://www.filion.uclac.uk/spm/software/spm12/); (3) The tissue probability
masks were summed and thresholded (at total tissue volume sum of 30%) to compute a “brain
tissue mask” that was subsequently applied to the MPRAGE image to exclude any non-brain
tissue voxels. We refer to this image as “deskulled”; and (4) The deskulled MPRAGE and the
posterior probability maps were co-registered to the average control EPI. This allowed uniform
coregistration in M1 and V1.

For each patient, the PVEc algorithm estimates: 1) the magnetization values, mgas, Mwap
mcsr using subject’s mean control SE-EPI image; and 2) the ASL difference values, dmgas
and dmyy, using the (control-label) difference image. The PVEc algorithm was performed in
each patient’s native space using a regression kernel of 7x7x1 voxels, following the procedure
described in prior work. [20, 22].

CBF was computed following the recommendation of the consensus paper([23], using the
following parameters using adjusted PLD to account for the inter-slice acquisition time, PLDs
= (slice-number -1)-(70 ms) + 1200 ms; labeling efficiency = 0.70. [24] For the motor cortex
(M1; Brodmann area 4)) in the frontal lobe, resulting in an average PLD ~1830ms. The CBF
formula was applied to the dmgp/mear and dmya/myy, separately, and provided a uniform
distribution of flow within gray matter ROIs. While a net CBF was computed for each patient,

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 3/14


http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://doi.org/10.1371/journal.pone.0189727

@' PLOS | ONE

Altered cerebral hemodyamics and cortical thinning in asymptomatic carotid artery stenosis

only the GM CBF data averaged over the M1 region and the visual cortex (V1; Brodmann area
17) was used for the statistical analysis.

Cortical Thickness measurement was performed on the Freesurfer platform[25], using vol-
umetric tissue segmentation and inference of cortical structure from each patient’s MPRAGE
image as described in our previous work.[15] Skull stripping was performed using the in-
house thresholding method described above.

ROT’s for an anterior circulation region—the primary motor cortex (M1: Brodmann Area
4)—, and a posterior circulation region—visual cortex (V1: Brodmann Area 17)—were
extracted using the parcellation results. Once the ROIs were extracted from the Freesurfer
space, the inverse coregistration matrix was used to bring the ROI-images back to the patient’s
native space, i.e., co-registered with the pCASL CBF images. Specifically, the ASL images were
upsampled and coregistered to the “deskulled” T1w image space. The co-registration of ASL
to the cortical rim was done first manually and then using a newly developed SPM algorithm
(CAT12) to ensure good quality co-registration. There was no significant difference in the
number of voxels (volume of ROI) between the occluded and unoccluded side. An example of
the left and right motor cortex ROIs co-registered to the motor cortex on the patient’s PCASL
images is shown in Fig 1.

Statistical analyses. Paired #-tests were run to compare the GM CBF between the occluded
and unoccluded sides in M1 and V1. Bonferroni adjustment was made for two comparisons
(M1 and V1) for each measurement for the t-tests so that a two-sided P < 0.025 was required
to declare statistical significance. Univariate Pearson correlation coefficients were calculated
between cortical thickness in the two anatomical territories (M1, V1) and variables that were
hypothesized to contribute to cortical thinning: age, resting gray matter CBF in M1 and V1
(M1 GM CBF, V1 GM CBF), hypertension, diabetes, and white matter hyperintensity volume

Fig 1. Cortical thickness-rCBF coregistration. A sample patient’s left (red) and right (yellow) motor cortex
ROI, coregistered on the patient’s own GM CBF pCASL images. Images are shown in coronal, sagittal, and
axial orientation.

https://doi.org/10.1371/journal.pone.0189727.9001
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(WMH). Univariate relationships were calculated for each hemisphere individually (occluded
vs unoccluded). Variables with P-values <0.05 in the univariate analysis were entered into a
multiple linear regression, using cortical thickness as the dependent variable. Occlusion versus
high grade stenosis and circle of Willis collateral were also tested as independent variables in
the regression. A generalized estimating equation (GEE) was also run with cortical thickness as
the dependent variable with occluded vs unoccluded hemiepheral side as a covariate. Statistics
were carried out using IBM SPSS Statistics version 23, and R version 3.1.2. Raw data are pro-
vided as supporting information (S1 Table).

Results

All 29 patients tolerated the MRI scanning protocol. One subject had ASL data that were unin-
terpretable, and this subject’s values were omitted from the analysis. Of the remaining 28, 14
had their occlusion on the left side, 14 had complete occlusion, 21 had hypertension, 6 had dia-
betes. There was no evidence for significant posterior circulation atherosclerosis, although
there was mild basilar artery acceleration on transcranial Doppler in one patient, and in an
extracranial vertebral artery in 4 patients by extracranial Doppler. Fifteen had evidence of
cross-filling across the anterior circle of Willis, 6 had evidence of no cross filling, and in 7, the
circle of Willis status was unknown. GM CBF was significantly lower on the occluded versus
unoccluded side in the motor cortex (115.2 m1*100g **min" vs. 105.5 m1*100g " *min ",
P<0.0001) and in the visual cortex (112.8 vs. 106.4 P = 0.018). CBF asymmetry in the expected
direction (lower on the occluded/stenotic side) was seen in 24 patients (86%), consistent

with our previously published work.[26] In the GEE analysis, controlling for side of occlusion,
circle of Willis collateral status, and occlusion vs stenosis, two variables—regional blood flow
(0.0002) and age (p = .0020)—predicted cortical thickness in M1, but not in V1. Fig 2 shows a
scatterplot of rCBF vs cortical thickness for M1 and V1, depicting the linear correlation
between rCBF and rCT in M1, but not in V1.

Evaluating each hemisphere separately in the univariate analysis, we found that both age
and regional blood flow correlated with cortical thickness for motor cortex in each hemi-
sphere, respectively. None of the variables correlated with cortical thickness in the visual
cortex. Table 1 shows univariate correlations with cortical thinning for the occluded and unoc-
cluded side for motor and visual cortex. In the multiple linear regression analysis, regional
blood flow predicted cortical thickness in M1 on both sides, age remained a predictor on the
unoccluded side in M1, and there were no predictors of cortical thickness for V1 (Table 2). As
reported previously[15], cortical thickness was significantly lower in the primary motor cortex
on the side of carotid occlusion compared with the unoccluded side (2.07mm vs. 2.15mm,
paired t-test, P<0.001), and no significant hemispheral asymmetry was present in the visual
cortex (1.78mm on ipsilateral side vs. 1.80mm on contralateral side, paired t-test P>0.2).

Discussion

In our cohort of patients with asymptomatic high-grade carotid atherosclerotic disease without
stroke, regional gray matter cerebral blood flow measured with pCASL correlated with cortical
thickness in the motor cortex, bilaterally, but not in the visual cortex. In the anterior circula-
tion, the motor cortex was thinner on the side of the occluded carotid artery where the blood
flow was significantly lower, whereas no such asymmetry in cortical thickness was found in
the visual cortex, despite a similar asymmetry in blood flow. Although not assessed directly, a
fetal origin PCA, present in 15-30% of the population[27], could account for some of the flow
asymmetry in the visual cortex. The degree and distribution of cortical thinning in the anterior
circulation was, in fact, comparable to thinning that has been reported with unilateral chronic
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Fig 2. Scatterplots of cortical thickness versus CBF in primary motor cortex (M1, panel A) and in
visual cortex (V1, panel B).

https://doi.org/10.1371/journal.pone.0189727.g002

cerebral infarction,[28] in which motor cortex thickness in patients with a single underlying
subcortical stroke was 2.07mm, identical to our M1 thickness on the side of carotid occlusion
in the absence of stroke. On the contralateral side, their motor cortex measurement was
2.27mm, comparable to our average of 2.15mm on the side contralateral to the high-grade
carotid stenosis. In that study, age-matched control subjects with no ischemic disease had an
average M1 thickness of 2.40mm. In contrast to the motor cortex in the anterior circulation,
our cohort’s average V1 thickness was 1.79 mm, similar to age-adjusted normal thickness in
V1 of 1.81mm.[29] No patients in our cohort had frank stroke, and WMH volumes and silent
subcortical infarcts did not correlate with cortical thinning. Taken together, our results extend
our prior findings that cortical thickness differed by side of occlusion,[15] and suggest that

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 6/14


https://doi.org/10.1371/journal.pone.0189727.g002
https://doi.org/10.1371/journal.pone.0189727

@° PLOS | ONE

Altered cerebral hemodyamics and cortical thinning in asymptomatic carotid artery stenosis

Table 1. Univariate correlations with cortical thickness by side of occlusion.

M1 Occl M1 Unoccl V1 Occl V1 Unoccl

Age -.351 (0.045) -.363 (0.038) -.011(0.950) -.149(0.408)
HTN -.325 (0.065) -.278(0.117) .068(0.708) .036(0.844)
DM -.131 (0.486) .007(0.971) -.012(0.949) -.192(0.284)
hCBF .359 (0.110) .287 (0.208) .135(0.521) .076(0.720)
rCBF .494 (0.007) .447(0.017) .093(0.689) .218(0.343)
hWMH .005 (0.980) .080(0.697) -.109(0.595) -.299(0.138)

Numbers are Pearson correlation coefficient with univariate P-values in parentheses. M1 Occl = primary motor cortex on side of carotid occlusion, M1
Unoccl = primary motor cortex on side of normal carotid, V1 Occl = primary visual cortex on side of carotid occlusion, V1 Unoccl = primary visual cortex on
side of normal carotid, HTN = HTN (0 = absent, 1 = present, on meds), DM = type 2 diabetes mellitus (0 = absent, 1 = present, on meds),

hCBF = hemispheral cerebral blood flow (cortical gray matter by arterial spin labeling), rCBF = regional cerebral blood flow (cortical gray matter in cortical
region listed), hWMH = white matter hyperintensity volume by hemisphere

https://doi.org/10.1371/journal.pone.0189727.t1001

there is a differential susceptibility to cortical thinning in the anterior circulation that was not
present in the posterior circulation. Moreover, this susceptibility had both a generalized effect
across both hemispheres in the carotid territories, as well as a hemispheral effect, based on
presence of the unilateral high grade obstruction that produced hemispheral hypoperfusion.
The thickness of the visual cortex, by contrast, does not appear to have been affected by blood
flow, either in a generalized way, nor hemispherally.

Cortical thinning has been reported in cerebrovascular disease, but to date has only been
associated with stroke risk factors such as hypertension and diabetes, or has been demon-
strated in the setting of clinical or image-identified infarction. Three of the variables we mea-
sured have been previously reported to contribute to cortical thinning: age, diabetes, and
hypertension. Hypertension was highly prevalent in our cohort, occurring in 75%, and diabe-
tes was present in 21%, but neither was a significant predictor of cortical thickness in our anal-
ysis. Chronic hypertension in the general population has been reported to be associated with
cortical thinning in the frontal and temporal lobes.[30, 31] Elevated blood glucose among
patients with diabetes has been shown to be associated with cortical thinning,[10, 32, 33] and
may additionally interact with hypertension.[11] Age, a widely reported correlate of cortical
thickness[34-36], was associated with thinning in the motor cortex in our cohort, but not in
the visual cortex, consistent with some reports suggesting that frontal, parietal, and temporal
thinning are more closely associated with the aging process.[29, 37]. In patients with frank
ischemic lesions, cortical thinning has been shown to be associated with subcortical stroke,
silent microinfarcts and white matter hyperintensity burden[13, 14, 28]

Cortical thinning has been associated with reduced cerebral blood flow in a number of con-
ditions, including Alzheimer’s disease. Lower CBF in the temporal and parietal regions of

Table 2. Multivariable regression by side of occlusion.

M1 Occl M1 Unoccl
Age -.328(0.067) -.368 (0.039)
rCBF .390(0.032) .360(0.043)

Numbers are Beta standardized coefficients with adjusted P-values in parentheses. M1 Occl = primary
motor cortex on side of carotid occlusion, M1 Unoccl = primary motor cortex on side of normal carotid, V1
Occl = primary visual cortex on side of carotid occlusion, HTN = HTN (0 = absent, 1 = present, on meds),
rCBF = regional cerebral blood flow (cortical gray matter in cortical region listed),

https://doi.org/10.1371/journal.pone.0189727.1002
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Alzheimer patients has been reported, but was thought to be reflective of reduced metabolism
from tissue loss rather than being a causal factor, and low blood flow in frontal regions was
postulated to be an effect of diaschisis.[38] In cerebrovascular and cardiovascular disease,
hypoperfusion has been more commonly considered as a predictor variable for cortical thick-
ness. It has been reported that among patients with hypertension and other cardiovascular risk
factors, total brain perfusion predicted total brain volume and total brain cortical thickness,
occurring predominantly in the frontal, temporal and parietal lobes bilaterally.[9, 39] In
another study, cortical thickness was assessed in 35 patients with NYHA Functional Class II
heart failure and low left ventricular ejection fraction, with cortical thinning found in the fron-
tal, parietal, temporal, and occipital lobes bilaterally.[12] In our cohort, the choice of motor
cortex as a target to examine the association between cortical thickness and blood flow allowed
us to take advantage of the concept of the distal field or “watershed” territory of the occluded
carotid artery, where carotid flow is most affected by high grade blockages.[40] This human
disease model provided the unique opportunity to study an effect of unilateral hypoperfusion
on cortical thickness, which appears to have been supported by our results.

We interpret our findings to suggest a differential impact of cerebral hemodynamics in the
anterior circulation, which may be related to a predominance of atherosclerosis in the carotid
arteries. Our patients had severe atherosclerosis in the carotid arteries and minimal atheroscle-
rosis in the vertebrobasilar system. It is known that carotid atherosclerosis is associated with
increased arterial stiffness[41], and has been associated with increased stroke risk[42], greater
WMH volumes[43], larger diameters of intracranial vessels[44], and cognitive impairment
[45]. It is postulated that pulsatile blood flow entering the cranium is less dampened through
atherosclerotic carotid arteries, and thus will transmit pulse wave forces more directly to the
intracranial vasculature including the capillary bed that perfuses the cortex. The impact of this
blood flow on cortical thickness is a possible manifestation of this effect, and is consistent with
reports of mostly anterior circulation territory cortical thinning in cerebrovascular disease
populations, as cited above. The posterior circulation in our cohort would have had less pulsa-
tility effect with lesser atherosclerosis in the vertebral arteries. As a second potential bio-
mechanical effect, the “T-intersection” at the top of the basilar artery is thought to act as a
physical baffle, taking the brunt of the pulsatile flow[46], and thus provide additional dampen-
ing of hemodynamic effects to the distal posterior vasculature, reducing the negative impact of
pulsatile flow to the posterior cortex.

In addition to the hypothesized anterior-posterior pulse flow differential, there was a hemi-
spheral effect that resulted in greater cortical thinning on the side of the high-grade carotid ste-
nosis where the resting cortical blood flow was significantly lower. Our hypothesis that altered
hemodynamics is a contributor to cortical thinning would require that there exist a sufficient
state of chronic or intermittent ischemia in the cortex, producing tissue loss in the absence of
frank infarction. Although the pCASL rCBF measurements recorded in the M1 gray matter
ranged from low into the high normal range, intermittent dipping into a hypoperfusion range
may occur with sleep,[47] orthostatic hypotension[48, 49] or loss of autoregulation[50], exac-
erbating the impact of the abnormal hemodynamics. Cellular loss in chronic ischemic disease
without infarction has been shown in a 3-vessel occlusion rat model in which CA1 neurons
became damaged if the occlusion were left permanent, but remained functional if a reversal of
the occlusion was performed within 2 weeks.[51] Histopathological findings in that study
included reduced dendritic arborization and lower spine density that may change cortical
architecture.[52] In humans, hemiatrophy has been shown in some patients with unilateral
chronic ICA disease.[53] More recently, Positron Emission Tomography imaging with a ben-
zodiazepine receptor ligand as a marker of neuronal integrity was used to identify selective
neuronal loss (SNL) in 105 patients with high grade carotid stenosis but no cortical infarction
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Fig 3. Two-factor model for the effect of altered hemodynamics on cortical thinning. We hypothesize a general susceptibility to
thinning from atherosclerosis in the anterior circulation and a hemispheral effect of cortical thinning due to restricted flow from the high

grade carotid stenosis.

https://doi.org/10.1371/journal.pone.0189727.9g003

on MRI There was co-localization between SNL and increased oxygen extraction fraction,
suggesting that areas of severe hypoperfusion may lead to tissue loss.[54] Overall, our findings
of rCBF correlation with cortical thickness in both hemispheres in the anterior circulation,
combined with the hemispheral asymmetry anteriorly, suggest that a two-factor hemodynamic
effect may be contributing to cortical thinning—a generalized atherosclerotic effect, and a
hemispheral effect due to hypoperfusion caused by the high grade unilateral stenosis. The two-
factor conceptual model is illustrated in Fig 3.

We used pCASL to identify rCBF, although it has limitations. Due to scanning time con-
straints on the patients, we did not acquire simultaneous arterial transit time measurements
on each patient. Instead, we opted for a relatively long labeling duration + post-labeling delay
to include a wide range of ATTs expected in these patients. As per Alsop et al.[55], the maxi-
mum ATT accounted for in our study was 1.950 + 1.850 = 3.9s. This is well within the longest
ATT measured by Maclntosh et al. in elderly subjects[19], as well as data acquired from a pilot
study run by our group prior to this study in which the ATT in the ipsilateral side was on aver-
age ~1s longer than in the contralateral side We reiterate that while the PLD of this study is
shorter than most ASL studies, we compensated by increasing the labeling durations to ensure
that the SNR was not affected by the long PLD. As a result, there is risk for more vascular
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artifacts. Thus, the ATT remains an unmeasured factor in our study and the CBF results
should be interpreted as a combined true flow plus transit time effect.

A second limitation is that with our method it is not possible to separate T1-w signal from
gray matter versus blood, since they are similar at 3T.[56] This could potentially result in either
an overestimation or an underestimation of cortical thickness. On one hand, since our patients
are likely to have increased blood volume on the side of occlusion as is expected in “stage 17
hemodynamic failure,[57] there could be in an overestimation of cortical thickness. We dem-
onstrated thinner cortex on that side, so this confound would support our findings. Con-
versely, there was, on average, lower CBF on the side of occlusion, which could result in an
artifactual underestimation of cortical thickness. Since there was an asymmetry in cortical
thickness in the motor cortex but not in the visual cortex despite an asymmetry in flow in both
locations, however, it is unlikely that this potential confound was present. Although more
research is needed to parse out these mediating effects, the overall effect would be expected to
be less than the observed hemispheric difference in cortical thickness.

Limitations of this study also include its relatively small group size. A larger cohort might
allow variables such as hypertension and diabetes to emerge as correlates of cortical thinning
as reported in other studies. Another limitation is the lack of longitudinal data. We did not
have follow up scans or information concerning duration of hypoperfusion, since patients
entered the study with high grade carotid disease already present. The few patients who did
not show a cortical thickness asymmetry in the expected direction may have had shorter total
duration of hypoperfusion, or well-established collateral blood flow. Follow up imaging would
help validate hypoperfusion as a cause of cortical thinning and document evolution over time.
Our study was also limited by spatial resolution of the MRI scanner. Higher field scanning or
concurrent metabolic imaging might elucidate anatomical features of the cortex that could
give clues as to the nature of changes occurring in patients, such as selective neuronal loss,
reduced synaptic complexity, or gliosis.

Conclusion

We demonstrated in a cohort of patients with atherosclerotic high-grade carotid artery stenosis
but no stroke that CBF was a significant predictor of cortical thickness. In addition to a general
effect of rCBF correlating with cortical thickness in carotid territories, bilaterally, cortical
thickness and CBF were significantly lower on the side of the higher carotid stenosis. In

this patient population, we were able to take advantage of the carotid versus vertebrobasilar
differential in atherosclerosis as well as a hemispheral asymmetry in degree of carotid stenosis
to support this relationship. Because cortical thinning has been associated with cognitive
impairment in several disease states, it is possible that cognitive impairment reported in high
grade carotid artery disease[58, 59] may be driven by the hemodynamic effects of atheroscle-
rotic arterial stiffness, and by chronic low cerebral blood flow on the side of high grade carotid
stenosis, a notion which has support in animal models of chronic hypoperfusion. Further
research is needed to assess cortical thickness longitudinally, and to determine the relative con-
tributions of hypoperfusion and cortical thinning to cognitive impairment in these individuals.

Supporting information

S1 Table. Raw data. Raw data are listed in this table, each row representing a single subject.
L_STEN = left stenosis, R_STEN = right stenosis, OCCL = occluded, XFIL = cross-filling,
MFV = mean flow velocity, VMR = vasomotor reactivity, DCA = dynamic cerebral autoregula-
tion, M1 = primary motor cortex, CBF = cerebral blood flow, V1 = primary visual cortex,
thick = cortical thickness, WMH = white matter hyperintensity, HTN = hypertension,

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189727.s001
https://doi.org/10.1371/journal.pone.0189727

o @
@ : PLOS | ONE Altered cerebral hemodyamics and cortical thinning in asymptomatic carotid artery stenosis

DM = diabetes mellitus.
(SAV)

Acknowledgments

We thank Pamelia Slattery and Justin Liao for helping with image pre-processing and quality
control, and Kevin Slane for data management.

Author Contributions

Conceptualization: Randolph S. Marshall, Ronald M. Lazar.

Data curation: Randolph S. Marshall.

Formal analysis: Randolph S. Marshall, Iris Asllani, Ying-Kuen Cheung.

Funding acquisition: Randolph S. Marshall, Ronald M. Lazar.

Investigation: Randolph S. Marshall, Iris Asllani, Marykay A. Pavol, Ronald M. Lazar.
Methodology: Randolph S. Marshall, Iris Asllani, Ying-Kuen Cheung, Ronald M. Lazar.
Project administration: Randolph S. Marshall.

Supervision: Ronald M. Lazar.

Writing - original draft: Randolph S. Marshall.

Writing - review & editing: Iris Asllani, Marykay A. Pavol, Ying-Kuen Cheung, Ronald M.
Lazar.

References

1.  Weston PS, Nicholas JM, Lehmann M, Ryan NS, Liang Y, Macpherson K, et al. Presymptomatic cortical
thinning in familial Alzheimer disease: A longitudinal MRI study. Neurology. 2016; 87(19):2050-7.
https://doi.org/10.1212/WNL.0000000000003322 PMID: 27733562.

2. Krumm S, Kivisaari SL, Probst A, Monsch AU, Reinhardt J, Uimer S, et al. Cortical thinning of parahip-
pocampal subregions in very early Alzheimer’s disease. Neurobiol Aging. 2016; 38:188-96. https://doi.
org/10.1016/j.neurobiolaging.2015.11.001 PMID: 26827657

3. Claassen DO, Dobolyi DG, Isaacs DA, Roman OC, Herb J, Wylie SA, et al. Linear and Curvilinear Tra-
jectories of Cortical Loss with Advancing Age and Disease Duration in Parkinson’s Disease. Aging and
disease. 2016; 7(3):220-9. https://doi.org/10.14336/AD.2015.1110 PMID: 27330836.

4. Moller C, Hafkemeijer A, Pijnenburg YA, Rombouts SA, van der Grond J, Dopper E, et al. Different pat-
terns of cortical gray matter loss over time in behavioral variant frontotemporal dementia and Alzhei-
mer’s disease. Neurobiol Aging. 2016; 38:21-31. https://doi.org/10.1016/j.neurobiolaging.2015.10.020
PMID: 26827640.

5. Tchistiakova E, Maclntosh BJ, Alzheimer’s Disease Neuroimaging |. Summative effects of vascular risk
factors on cortical thickness in mild cognitive impairment. Neurobiol Aging. 2016; 45:98—106. https://
doi.org/10.1016/j.neurobiolaging.2016.05.011 PMID: 27459930.

6. KimHJ, Ye BS, Yoon CW, NohY, Kim GH, Cho H, et al. Cortical thickness and hippocampal shape in
pure vascular mild cognitive impairment and dementia of subcortical type. Eur J Neurol. 2014; 21
(5):744-51. https://doi.org/10.1111/ene.12376 PMID: 24495089.

7. SeoSW, AhnJ, Yoon U, ImK, Lee JM, Tae Kim S, et al. Cortical thinning in vascular mild cognitive
impairment and vascular dementia of subcortical type. J Neuroimaging. 2010; 20(1):37—45. https:/doi.
org/10.1111/1.1552-6569.2008.00293.x PMID: 19220710.

8. Pettigrew C, Soldan A, Zhu Y, Wang MC, Moghekar A, Brown T, et al. Cortical thickness in relation to
clinical symptom onset in preclinical AD. Neurolmage Clinical. 2016; 12:116-22. https://doi.org/10.
1016/j.nicl.2016.06.010 PMID: 27408796.

9. Alosco ML, Gunstad J, Xu X, Clark US, Labbe DR, Riskin-Jones HH, et al. The impact of hypertension
on cerebral perfusion and cortical thickness in older adults. Journal of the American Society of Hyper-
tension: JASH. 2014; 8(8):561-70. https://doi.org/10.1016/j.jash.2014.04.002 PMID: 25151318.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 11/14


https://doi.org/10.1212/WNL.0000000000003322
http://www.ncbi.nlm.nih.gov/pubmed/27733562
https://doi.org/10.1016/j.neurobiolaging.2015.11.001
https://doi.org/10.1016/j.neurobiolaging.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26827657
https://doi.org/10.14336/AD.2015.1110
http://www.ncbi.nlm.nih.gov/pubmed/27330836
https://doi.org/10.1016/j.neurobiolaging.2015.10.020
http://www.ncbi.nlm.nih.gov/pubmed/26827640
https://doi.org/10.1016/j.neurobiolaging.2016.05.011
https://doi.org/10.1016/j.neurobiolaging.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27459930
https://doi.org/10.1111/ene.12376
http://www.ncbi.nlm.nih.gov/pubmed/24495089
https://doi.org/10.1111/j.1552-6569.2008.00293.x
https://doi.org/10.1111/j.1552-6569.2008.00293.x
http://www.ncbi.nlm.nih.gov/pubmed/19220710
https://doi.org/10.1016/j.nicl.2016.06.010
https://doi.org/10.1016/j.nicl.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27408796
https://doi.org/10.1016/j.jash.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25151318
https://doi.org/10.1371/journal.pone.0189727

@° PLOS | ONE

Altered cerebral hemodyamics and cortical thinning in asymptomatic carotid artery stenosis

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Wennberg AM, Spira AP, Pettigrew C, Soldan A, Zipunnikov V, Rebok GW, et al. Blood glucose levels
and cortical thinning in cognitively normal, middle-aged adults. J Neurol Sci. 2016; 365:89-95. https:/
doi.org/10.1016/j.jns.2016.04.017 PMID: 27206882.

Tchistiakova E, Anderson ND, Greenwood CE, Maclntosh BJ. Combined effects of type 2 diabetes and
hypertension associated with cortical thinning and impaired cerebrovascular reactivity relative to hyper-
tension alone in older adults. Neurolmage Clinical. 2014; 5:36—41. https://doi.org/10.1016/j.nicl.2014.
05.020 PMID: 24967157.

Kumar R, Yadav SK, Palomares JA, Park B, Joshi SH, Ogren JA, et al. Reduced regional brain cortical
thickness in patients with heart failure. PLoS One. 2015; 10(5):e0126595. https://doi.org/10.1371/
journal.pone.0126595 PMID: 25962164.

Lambert C, Sam Narean J, Benjamin P, Zeestraten E, Barrick TR, Markus HS. Characterising the grey
matter correlates of leukoaraiosis in cerebral small vessel disease. Neurolmage Clinical. 2015; 9:194—
205. https://doi.org/10.1016/j.nicl.2015.07.002 PMID: 26448913.

Duering M, Righart R, Wollenweber FA, Zietemann V, Gesierich B, Dichgans M. Acute infarcts cause
focal thinning in remote cortex via degeneration of connecting fiber tracts. Neurology. 2015; 84
(16):1685-92. https://doi.org/10.1212/WNL.0000000000001502 PMID: 25809303.

Asllani |, Slattery P, Fafard A, Pavol M, Lazar RM, Marshall RS. Measurement of cortical thickness
asymmetry in carotid occlusive disease. Neurolmage Clinical. 2016; 12:640—4. https://doi.org/10.1016/
j.nicl.2016.09.013 PMID: 27722088.

Asllani |, Borogovac A, Brown TR. Regression algorithm correcting for partial volume effects in arterial
spin labeling MRI. Magn Reson Med. 2008; 60(6):1362—71. https://doi.org/10.1002/mrm.21670 PMID:
18828149.

Asllani I, Habeck C, Borogovac A, Brown TR, Brickman AM, Stern Y. Separating function from structure
in perfusion imaging of the aging brain. Hum Brain Mapp. 2009; 30(9):2927-35. Epub 2009/01/28.
https://doi.org/10.1002/hbm.20719 PMID: 19172645.

Ithapu V, Singh V, Lindner C, Austin BP, Hinrichs C, Carlsson CM, et al. Extracting and summarizing
white matter hyperintensities using supervised segmentation methods in Alzheimer’s disease risk and
aging studies. Hum Brain Mapp. 2014; 35(8):4219-35. https://doi.org/10.1002/hbm.22472 PMID:
24510744.

Maclntosh BJ, Swardfager W, Robertson AD, Tchistiakova E, Saleem M, Oh PI, et al. Regional cerebral
arterial transit time hemodynamics correlate with vascular risk factors and cognitive function in men with
coronary artery disease. AJNR Am J Neuroradiol. 2015; 36(2):295-301. https://doi.org/10.3174/ajnr.
A4094 PMID: 25147198.

Asllani I, Borogovac A, Brown T. A Regression Algorithm Correcting for Partial Volume Effects in Arte-
rial Spin Labeling MRI. Magnetic Resonance in Medicine. 2008;in press.

Asllani |, Habeck C, Borogovac A, Brown TR, Brickman AM, Stern Y. Separating function from structure
in perfusion imaging of the aging brain. Human brain mapping. 2009. https://doi.org/10.1002/hbm.
20719 PMID: 19172645.

Asllani I, Borogovac A, Brown TR, Hirsch J, Krakauer JW. Limit of detection of local changes in CBF
using PVEc ASL perfusion MRI. Proceedings of ISMRM. 2009.

Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J, Hernandez-Garcia L, et al. Recommended
implementation of arterial spin-labeled perfusion MRl for clinical applications: A consensus of the
ISMRM perfusion study group and the European consortium for ASL in dementia. Magn Reson Med.
2015; 73(1):102—16. https://doi.org/10.1002/mrm.25197 PMID: 24715426.

Werner R, Norris DG, Alfke K, Mehdorn HM, Jansen O. Improving the amplitude-modulated control
experiment for multislice continuous arterial spin labeling. Magn Reson Med. 2005; 53(5):1096-102.
https://doi.org/10.1002/mrm.20443 PMID: 15844087.

Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance
images. Proc Natl Acad Sci U S A. 2000; 97(20):11050-5. https://doi.org/10.1073/pnas.200033797
PMID: 10984517.

Marshall RS, Pavol MA, Cheung YK, Strom |, Slane K, Asllani |, et al. Dissociation among hemodynamic
measures in asymptomatic high grade carotid artery stenosis. J Neurol Sci. 2016; 367:143—7. Epub
2016/07/18. https://doi.org/10.1016/.jns.2016.05.011 PMID: 27423579.

van Raamt AF, Mali WP, van Laar PJ, van der Graaf Y. The fetal variant of the circle of Willis and its
influence on the cerebral collateral circulation. Cerebrovasc Dis. 2006; 22(4):217—24. Epub 2006/06/22.
https://doi.org/10.1159/000094007 PMID: 16788293.

Jones PW, Borich MR, Vavsour |, Mackay A, Boyd LA. Cortical thickness and metabolite concentration
in chronic stroke and the relationship with motor function. Restor Neurol Neurosci. 2016; 34(5):733—46.
https://doi.org/10.3233/RNN-150623 PMID: 27258945.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 12/14


https://doi.org/10.1016/j.jns.2016.04.017
https://doi.org/10.1016/j.jns.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27206882
https://doi.org/10.1016/j.nicl.2014.05.020
https://doi.org/10.1016/j.nicl.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/24967157
https://doi.org/10.1371/journal.pone.0126595
https://doi.org/10.1371/journal.pone.0126595
http://www.ncbi.nlm.nih.gov/pubmed/25962164
https://doi.org/10.1016/j.nicl.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26448913
https://doi.org/10.1212/WNL.0000000000001502
http://www.ncbi.nlm.nih.gov/pubmed/25809303
https://doi.org/10.1016/j.nicl.2016.09.013
https://doi.org/10.1016/j.nicl.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27722088
https://doi.org/10.1002/mrm.21670
http://www.ncbi.nlm.nih.gov/pubmed/18828149
https://doi.org/10.1002/hbm.20719
http://www.ncbi.nlm.nih.gov/pubmed/19172645
https://doi.org/10.1002/hbm.22472
http://www.ncbi.nlm.nih.gov/pubmed/24510744
https://doi.org/10.3174/ajnr.A4094
https://doi.org/10.3174/ajnr.A4094
http://www.ncbi.nlm.nih.gov/pubmed/25147198
https://doi.org/10.1002/hbm.20719
https://doi.org/10.1002/hbm.20719
http://www.ncbi.nlm.nih.gov/pubmed/19172645
https://doi.org/10.1002/mrm.25197
http://www.ncbi.nlm.nih.gov/pubmed/24715426
https://doi.org/10.1002/mrm.20443
http://www.ncbi.nlm.nih.gov/pubmed/15844087
https://doi.org/10.1073/pnas.200033797
http://www.ncbi.nlm.nih.gov/pubmed/10984517
https://doi.org/10.1016/j.jns.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27423579
https://doi.org/10.1159/000094007
http://www.ncbi.nlm.nih.gov/pubmed/16788293
https://doi.org/10.3233/RNN-150623
http://www.ncbi.nlm.nih.gov/pubmed/27258945
https://doi.org/10.1371/journal.pone.0189727

@° PLOS | ONE

Altered cerebral hemodyamics and cortical thinning in asymptomatic carotid artery stenosis

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Shaw ME, Sachdev PS, Anstey KJ, Cherbuin N. Age-related cortical thinning in cognitively healthy indi-
viduals in their 60s: the PATH Through Life study. Neurobiol Aging. 2016; 39:202-9. https://doi.org/10.
1016/j.neurobiolaging.2015.12.009 PMID: 26923417.

Seo SW, Lee JM, Im K, Park JS, Kim SH, Kim ST, et al. Cardiovascular risk factors cause cortical thin-
ning in cognitively impaired patients: relationships among cardiovascular risk factors, white matter
hyperintensities, and cortical atrophy. Alzheimer Dis Assoc Disord. 2012; 26(2):106—12. https://doi.org/
10.1097/WAD.0b013e31822e0831 PMID: 21946011.

Gonzalez CE, Pacheco J, Beason-Held LL, Resnick SM. Longitudinal changes in cortical thinning asso-
ciated with hypertension. Journal of hypertension. 2015; 33(6):1242-8. https://doi.org/10.1097/HJH.
0000000000000531 PMID: 25693060.

Moran C, Beare R, Phan TG, Bruce DG, Callisaya ML, Srikanth V, et al. Type 2 diabetes mellitus and
biomarkers of neurodegeneration. Neurology. 2015; 85(13):1123-30. https://doi.org/10.1212/WNL.
0000000000001982 PMID: 26333802.

Peng B, Chen Z, Ma L, Dai Y. Cerebral alterations of type 2 diabetes mellitus on MRI: A pilot study. Neu-
rosci Lett. 2015; 606:100-5. https://doi.org/10.1016/j.neulet.2015.08.030 PMID: 26306652.

Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RS, Busa E, et al. Thinning of the cerebral
cortex in aging. Cereb Cortex. 2004; 14(7):721-30. https://doi.org/10.1093/cercor/bhh032 PMID:
15054051.

Fjell AM, Walhovd KB. Structural brain changes in aging: courses, causes and cognitive consequences.
Reviews in the neurosciences. 2010; 21(3):187-221. PMID: 20879692.

Pacheco J, Goh JO, Kraut MA, Ferrucci L, Resnick SM. Greater cortical thinning in normal older adults
predicts later cognitive impairment. Neurobiol Aging. 2015; 36(2):903-8. https://doi.org/10.1016/j.
neurobiolaging.2014.08.031 PMID: 25311277.

Fjell AM, Westlye LT, Grydeland H, Amlien |, Espeseth T, Reinvang |, et al. Accelerating cortical thin-
ning: unique to dementia or universal in aging? Cereb Cortex. 2014; 24(4):919-34. https://doi.org/10.
1093/cercor/bhs379 PMID: 23236213.

Tosun D, Mojabi P, Weiner MW, Schuff N. Joint analysis of structural and perfusion MRI for cognitive
assessment and classification of Alzheimer’s disease and normal aging. Neuroimage. 2010; 52(1):186—
97. https://doi.org/10.1016/j.neuroimage.2010.04.033 PMID: 20406691.

Alosco ML, Gunstad J, Jerskey BA, Xu X, Clark US, Hassenstab J, et al. The adverse effects of reduced
cerebral perfusion on cognition and brain structure in older adults with cardiovascular disease. Brain
and behavior. 2013; 3(6):626—36. https://doi.org/10.1002/brb3.171 PMID: 24363966.

Bogousslavsky J, Regli F. Unilateral watershed cerebral infarcts. Neurology. 1986; 36(3):373—7. PMID:
3951705.

Boesen ME, Singh D, Menon BK, Frayne R. A systematic literature review of the effect of carotid athero-
sclerosis on local vessel stiffness and elasticity. Atherosclerosis. 2015; 243(1):211-22. https://doi.org/
10.1016/j.atherosclerosis.2015.09.008 PMID: 26402140.

van Sloten TT, Schram MT, van den Hurk K, Dekker JM, Nijpels G, Henry RM, et al. Local stiffness of
the carotid and femoral artery is associated with incident cardiovascular events and all-cause mortality:
the Hoorn study. Journal of the American College of Cardiology. 2014; 63(17):1739-47. https://doi.org/
10.1016/j.jacc.2013.12.041 PMID: 24583306.

Rundek T, Della-Morte D, Gardener H, Dong C, Markert MS, Gutierrez J, et al. Relationship between
carotid arterial properties and cerebral white matter hyperintensities. Neurology. 2017; 88(21):2036—42.
https://doi.org/10.1212/WNL.0000000000003951 PMID: 28446647.

Gutierrez J, Rundek T, Cheung K, Bagci A, Alperin N, Sacco RL, et al. Systemic Atherosclerosis Relate
to Brain Arterial Diameters: The Northern Manhattan Study. Cerebrovasc Dis. 2017; 43(3—4):124-31.
https://doi.org/10.1159/000454867 PMID: 28049199.

Meyer ML, Palta P, Tanaka H, Deal JA, Wright J, Knopman DS, et al. Association of Central Arterial
Stiffness and Pressure Pulsatility with Mild Cognitive Impairment and Dementia: The Atherosclerosis
Risk in Communities Study-Neurocognitive Study (ARIC-NCS). J Alzheimers Dis. 2017; 57(1):195—
204. https://doi.org/10.3233/JAD-161041 PMID: 28222517.

Castro M, Putman C, Radaelli A, Frangi A, Cebral J. Hemodynamics and rupture of terminal cerebral
aneurysms. Academic radiology. 2009; 16(10):1201-7. https://doi.org/10.1016/j.acra.2009.03.022
PMID: 19553143.

Salles GF, Reboldi G, Fagard RH, Cardoso CR, Pierdomenico SD, Verdecchia P, et al. Prognostic
Effect of the Nocturnal Blood Pressure Fall in Hypertensive Patients: The Ambulatory Blood Pressure
Collaboration in Patients With Hypertension (ABC-H) Meta-Analysis. Hypertension. 2016; 67(4):693—
700. https://doi.org/10.1161/HYPERTENSIONAHA.115.06981 PMID: 26902495.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 13/14


https://doi.org/10.1016/j.neurobiolaging.2015.12.009
https://doi.org/10.1016/j.neurobiolaging.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26923417
https://doi.org/10.1097/WAD.0b013e31822e0831
https://doi.org/10.1097/WAD.0b013e31822e0831
http://www.ncbi.nlm.nih.gov/pubmed/21946011
https://doi.org/10.1097/HJH.0000000000000531
https://doi.org/10.1097/HJH.0000000000000531
http://www.ncbi.nlm.nih.gov/pubmed/25693060
https://doi.org/10.1212/WNL.0000000000001982
https://doi.org/10.1212/WNL.0000000000001982
http://www.ncbi.nlm.nih.gov/pubmed/26333802
https://doi.org/10.1016/j.neulet.2015.08.030
http://www.ncbi.nlm.nih.gov/pubmed/26306652
https://doi.org/10.1093/cercor/bhh032
http://www.ncbi.nlm.nih.gov/pubmed/15054051
http://www.ncbi.nlm.nih.gov/pubmed/20879692
https://doi.org/10.1016/j.neurobiolaging.2014.08.031
https://doi.org/10.1016/j.neurobiolaging.2014.08.031
http://www.ncbi.nlm.nih.gov/pubmed/25311277
https://doi.org/10.1093/cercor/bhs379
https://doi.org/10.1093/cercor/bhs379
http://www.ncbi.nlm.nih.gov/pubmed/23236213
https://doi.org/10.1016/j.neuroimage.2010.04.033
http://www.ncbi.nlm.nih.gov/pubmed/20406691
https://doi.org/10.1002/brb3.171
http://www.ncbi.nlm.nih.gov/pubmed/24363966
http://www.ncbi.nlm.nih.gov/pubmed/3951705
https://doi.org/10.1016/j.atherosclerosis.2015.09.008
https://doi.org/10.1016/j.atherosclerosis.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26402140
https://doi.org/10.1016/j.jacc.2013.12.041
https://doi.org/10.1016/j.jacc.2013.12.041
http://www.ncbi.nlm.nih.gov/pubmed/24583306
https://doi.org/10.1212/WNL.0000000000003951
http://www.ncbi.nlm.nih.gov/pubmed/28446647
https://doi.org/10.1159/000454867
http://www.ncbi.nlm.nih.gov/pubmed/28049199
https://doi.org/10.3233/JAD-161041
http://www.ncbi.nlm.nih.gov/pubmed/28222517
https://doi.org/10.1016/j.acra.2009.03.022
http://www.ncbi.nlm.nih.gov/pubmed/19553143
https://doi.org/10.1161/HYPERTENSIONAHA.115.06981
http://www.ncbi.nlm.nih.gov/pubmed/26902495
https://doi.org/10.1371/journal.pone.0189727

@° PLOS | ONE

Altered cerebral hemodyamics and cortical thinning in asymptomatic carotid artery stenosis

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Gottesman RF, Grega MA, Bailey MM, Zeger SL, Baumgartner WA, McKhann GM, et al. Association
between hypotension, low ejection fraction and cognitive performance in cardiac patients. Behav Neu-
rol. 2010; 22(1-2):63—71. Epub 2009/01/01. https://doi.org/10.3233/BEN-2009-0261 PMID: 2054 3460.

Arbique D, Cheek D, Welliver M, Vongpatanasin W. Management of neurogenic orthostatic hypoten-
sion. Journal of the American Medical Directors Association. 2014; 15(4):234-9. https://doi.org/10.
1016/j.jamda.2013.10.014 PMID: 24388946.

Giannopoulos S, Boden-Albala B, Choi JH, Carrera E, Doyle M, Perez T, et al. Metabolic syndrome and
cerebral vasomotor reactivity. Eur J Neurol. 2010; 17(12):1457—-62. Epub 2010/05/27. https://doi.org/
10.1111/j.1468-1331.2010.03087.x PMID: 20500212.

de la Torre JC, Fortin T, Park GA, Pappas BA, Richard MT. Brain blood flow restoration ’rescues’ chron-
ically damaged rat CA1 neurons. Brain Res. 1993; 623(1):6—15. Epub 1993/09/24. PMID: 8221094.

Flores G, Flores-Gomez GD, de Jesus Gomez-Villalobos M. Neuronal changes after chronic high blood
pressure in animal models and its implication for vascular dementia. Synapse. 2016; 70(5):198—-205.
https://doi.org/10.1002/syn.21887 PMID: 26789133.

Radu EW, Moseley |.F. Carotid artery occlusion and computed tomography. A clinicradiological study.
Neuroradiology. 1978; 17:7-12. PMID: 752130

Yamauchi H, Kudoh T, Kishibe Y, lwasaki J, Kagawa S. Selective neuronal damage and chronic hemo-
dynamic cerebral ischemia. Ann Neurol. 2007; 61(5):454—65. Epub 2007/03/24. https://doi.org/10.
1002/ana.21104 PMID: 17380523.

Dai W, Robson PM, Shankaranarayanan A, Alsop DC. Reduced resolution transit delay prescan for
quantitative continuous arterial spin labeling perfusion imaging. Magn Reson Med. 2012; 67(5):1252—
65. https://doi.org/10.1002/mrm.23103 PMID: 22084006.

Wansapura JP, Holland SK, Dunn RS, Ball WS Jr. NMR relaxation times in the human brain at 3.0
tesla.  Magn Reson Imaging. 1999; 9(4):531-8. PMID: 10232510.

Powers WJ. Cerebral hemodynamics in ischemic cerebrovascular disease. Ann Neurol. 1991; 29
(3):231-40. https://doi.org/10.1002/ana.410290302 PMID: 2042939.

Balestrini S, Perozzi C, Altamura C, Vernieri F, Luzzi S, Bartolini M, et al. Severe carotid stenosis and
impaired cerebral hemodynamics can influence cognitive deterioration. Neurology. 2013; 80(23):2145—
50. https://doi.org/10.1212/WNL.0b013e318295d71a PMID: 23624562.

Marshall RS, Festa JR, Cheung YK, Chen R, Pavol MA, Derdeyn CP, et al. Cerebral hemodynamics
and cognitive impairment: baseline data from the RECON trial. Neurology. 2012; 78(4):250-5. Epub
2012/01/13. https://doi.org/10.1212/WNL.0b013e31824365d3 PMID: 22238418.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189727 December 14, 2017 14/14


https://doi.org/10.3233/BEN-2009-0261
http://www.ncbi.nlm.nih.gov/pubmed/20543460
https://doi.org/10.1016/j.jamda.2013.10.014
https://doi.org/10.1016/j.jamda.2013.10.014
http://www.ncbi.nlm.nih.gov/pubmed/24388946
https://doi.org/10.1111/j.1468-1331.2010.03087.x
https://doi.org/10.1111/j.1468-1331.2010.03087.x
http://www.ncbi.nlm.nih.gov/pubmed/20500212
http://www.ncbi.nlm.nih.gov/pubmed/8221094
https://doi.org/10.1002/syn.21887
http://www.ncbi.nlm.nih.gov/pubmed/26789133
http://www.ncbi.nlm.nih.gov/pubmed/752130
https://doi.org/10.1002/ana.21104
https://doi.org/10.1002/ana.21104
http://www.ncbi.nlm.nih.gov/pubmed/17380523
https://doi.org/10.1002/mrm.23103
http://www.ncbi.nlm.nih.gov/pubmed/22084006
http://www.ncbi.nlm.nih.gov/pubmed/10232510
https://doi.org/10.1002/ana.410290302
http://www.ncbi.nlm.nih.gov/pubmed/2042939
https://doi.org/10.1212/WNL.0b013e318295d71a
http://www.ncbi.nlm.nih.gov/pubmed/23624562
https://doi.org/10.1212/WNL.0b013e31824365d3
http://www.ncbi.nlm.nih.gov/pubmed/22238418
https://doi.org/10.1371/journal.pone.0189727

