
ORIGINAL ARTICLE

https://doi.org/10.1007/s00062-020-00928-9
Clin Neuroradiol (2021) 31:709–720

Microstructural Alterations Analogous to Accelerated Aging of the
Cerebral Cortex in Carotid Occlusive Disease

Alexander Seiler1,2 · Annemarie Brandhofe1,2 · René-Maxime Gracien1,2 · Waltraud Pfeilschifter1 ·
Elke Hattingen3 · Ralf Deichmann2 · Ulrike Nöth2 · Marlies Wagner3

Received: 14 January 2020 / Accepted: 10 June 2020 / Published online: 7 July 2020
© The Author(s) 2020

Abstract
Purpose To investigate cortical thickness and cortical quantitative T2 values as imaging markers of microstructural tissue
damage in patients with unilateral high-grade internal carotid artery occlusive disease (ICAOD).
Methods A total of 22 patients with ≥70% stenosis (mean age 64.8 years) and 20 older healthy control subjects (mean
age 70.8 years) underwent structural magnetic resonance imaging (MRI) and high-resolution quantitative (q)T2 mapping.
Generalized linear mixed models (GLMM) controlling for age and white matter lesion volume were employed to investigate
the effect of ICAOD on imaging parameters of cortical microstructural integrity in multivariate analyses.
Results There was a significant main effect (p< 0.05) of the group (patients/controls) on both cortical thickness and
cortical qT2 values with cortical thinning and increased cortical qT2 in patients compared to controls, irrespective of
the hemisphere. The presence of upstream carotid stenosis had a significant main effect on cortical qT2 values (p= 0.01)
leading to increased qT2 in the poststenotic hemisphere, which was not found for cortical thickness. The GLMM showed
that in general cortical thickness was decreased and cortical qT2 values were increased with increasing age (p< 0.05).
Conclusion Unilateral high-grade carotid occlusive disease is associated with widespread cortical thinning and prolongation
of cortical qT2, presumably reflecting hypoperfusion-related microstructural cortical damage similar to accelerated aging
of the cerebral cortex. Cortical thinning and increase of cortical qT2 seem to reflect different aspects and different
pathophysiological states of cortical degeneration. Quantitative T2 mapping might be a sensitive imaging biomarker for
early cortical microstructural damage.

Keywords Cerebral hypoperfusion · Cortical degeneration · Quantitative magnetic resonance imaging · Quantitative
(q)T2 mapping · Cortical thickness

Introduction

Atherosclerotic large vessel stenosis is one of the leading
causes for ischemic stroke worldwide [1]. Apart from be-
ing a known stroke risk factor [2], internal carotid artery
occlusive disease (ICAOD) is associated with cognitive im-
pairment [3, 4], even in otherwise neurologically asymp-
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tomatic patients without evident brain lesions due to is-
chemic stroke or white matter changes on conventional
structural magnetic resonance imaging (MRI) [3]. The pres-
ence of high-grade carotid stenosis has been associated with
decreases of cerebral gray matter volume and progressive
atrophy of the cerebral cortex [5], suggesting an influence
of ICAOD on cortical microstructural integrity, which may
mediate impairment of cognitive functions. Cortical thick-
ness reflects the total content of neurons, the cellular com-
position and the cytoarchitectonic organization of a given
cortical region [6] and therefore MRI-based estimation of
cortical thickness is frequently used to investigate the in-
tegrity of the cerebral cortex on the microstructural level.
A previous study demonstrated a significant relationship
between unilateral carotid stenosis and widespread bilat-
eral cortical thinning [7]. Other studies found an associa-
tion between hemodynamic impairment and focal cortical
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thinning [8–11], suggesting a direct detrimental effect of
carotid occlusive disease on cortical microstructure; how-
ever, a recent study could not replicate this finding and
found no influence of carotid stenosis on ipsilateral or con-
tralateral cortical thickness in a multivariate analysis [12].
Thus, given the complex nature of cortical microstructural
alterations associated with ICAOD and the different pos-
sible pathophysiological states of cortical tissue damage,
other imaging modalities might be useful to reveal the direct
hemodynamic effect of ICAOD on cortical microstructure
that might go beyond volume decrease as a relatively ad-
vanced stage of cortical damage. Quantitative (q)MRI with
qT2 mapping is sensitive to pathological tissue alterations,
such as increase of tissue water content due to extracel-
lular and intracellular edema, gliosis, demyelination and
axonal damage, which typically lead to a prolongation of
qT2 values [13, 14]. Given these underlying pathophysi-
ological mechanisms, increases of cortical qT2 in general
should be associated with cortical thinning but may be as-
sessable before reduction of cortical thickness occurs. The
aim of this study was to investigate the cortical microstruc-
tural integrity in patients with unilateral ICAOD by means
of cortical thickness estimation and qT2 mapping as com-
plementary imaging techniques. We hypothesized that sen-
sitivities of both methods to pathological tissue changes
may be different due to a reflection of different pathophys-
iological states of the same microstructural cortical pathol-
ogy. Consequently, supplementing the estimation of corti-
cal thickness with qT2 mapping might have the potential
to improve the detectability of early pathological impair-
ment of the cortical microstructure. While previous studies
mainly used cortical thickness and thus a volume-related
measure for investigating alterations of cortical microstruc-
ture in ICAOD, this study aimed to provide insights into
possible microstructural tissue properties underlying and
preceding cortical volume reduction. A group of control
subjects was used for comparison to assess potential bilat-
eral changes of cortical microstructure in ICAOD.

Material andMethods

ICAOD Patients and Control Subjects

A total of 22 patients (2 female) with Doppler/ultrasound or
computed tomography (CT) angiography evidence of a uni-
lateral symptomatic or asymptomatic stenosis (≥70%) or
occlusion of the extracranial or intracranial ICA were in-
cluded in this single center study between January 2015 and
December 2016. Patients were recruited from the neurovas-
cular outpatient clinic and the neurovascular ward of our
neurological department. Similar sample sizes were used in
previous studies described in the literature, which investi-

gated cortical thickness [11, 15] and T2 mapping [16] in
patients with cerebral large artery steno-occlusive disease.
Therefore, we expected that with this patient collective and
control group, having a similar size, significant differences
in cortical thickness and cortical qT2 values would be de-
tectable between patients and controls. In addition, we per-
formed a power analysis with the intended statistical model
and the entire sample size for our study (for further details,
see “Statistical Analysis”) using the R software (“simr”
package, version 1.0.5, R foundation, Vienna, Austria). In
this power analysis, the simulations resulted in a reason-
able statistical power of 73.3%, and 79.2% for detecting
an effect of one standard deviation for cortical qT2 values
and half a standard deviation for cortical thickness accord-
ing to the results of previous studies from the literature
[15, 16]. The larger effect for qT2 values was postulated
because of the projected optimized surface-based analy-
sis of cortical qT2 values with sampling of qT2 maps to
the cortical ribbon (see “Further Image Postprocessing and
Analysis”). Grading of stenosis was performed according to
the North American Symptomatic Carotid Endarterectomy
Trial (NASCET) criteria. Extracranial carotid occlusion was
determined and distinguished from near occlusion based on
established Doppler/ultrasound criteria [17]: (1) the lack of
a flow signal in the ICA on duplex and color Doppler flow
sonography with increased low-flow sensitivity (low pulse
repetition frequency, high color enhancement) at complete
visibility of the entire vessel structure in the B-mode [18],
(2) activated collateral vessels and (3) reduced flow veloc-
ity in the ipsilateral common carotid artery with increased
pulsatility. Intracranial carotid occlusion was verified by
digital subtraction angiography. Exclusion criteria were the
presence of ischemic lesions involving the cerebral cortex
and the presence of an extracranial or intracranial steno-
sis of ≥50% of another artery supplying the brain. Patients
with a symptomatic vessel pathology were eligible for in-
clusion in the study if they only had smaller subcortical is-
chemic lesions (<1cm3 infarct volume) in the territory of the
affected artery. Activation of primary collateral pathways
as an indicator of poststenotic hemodynamic impairment
in ICAOD patients was assessed by transcranial Doppler/
ultrasound, evaluating the presence of retrograde flow in the
ophthalmic artery (OA) and the A1 segment of the anterior
cerebral artery (ACA A1) ipsilateral to the vessel pathology.
In addition, the peak systolic velocity (PSV) of the mid-
dle cerebral arteries (MCA) was assessed by transcranial
Doppler/ultrasound as a further indicator of hemodynamic
impairment. From a physiological point of view, the PSV
of the poststenotic/postocclusive MCA depends on (1) the
reduction of perfusion pressure across the vessel pathology
(in case of a stenosis), (2) the magnitude and efficacy of
collateral flow to the poststenotic MCA via the collateral
pathways of the circle of Willis and thus to the affected vas-
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cular territory, and (3) the vascular resistance of the distal
vasculature in the affected hemisphere. Thus, it reflects the
severity of the hemodynamic impairment and the degree of
adaptation of the cerebral vasculature. For comparison of
imaging parameters reflecting cortical microstructural in-
tegrity, we recruited a group (n= 20, 11 female) of healthy
control subjects. Control subjects were enrolled based on
the following criteria: (1) age between 50 and 80 years,
(2) no history of neurological or psychiatric disease, (3) no
history of smoking, diabetes, hyperlipidemia or untreated
arterial hypertension. Criteria (2) and (3) were ensured us-
ing medical records and standardized questionnaires. Sex
was not expected to have a relevant influence on the hemi-
spheric mean values of cortical thickness and cortical qT2,
according to previous studies [19, 20]. The study was ap-
proved by the local ethics committee of the Goethe Univer-
sity Frankfurt (Faculty of Medicine) and written informed
consent was obtained from all subjects before inclusion in
the study.

MRI Protocol

The MRI data were acquired on a 3T whole-body scanner
(Magnetom Trio; Siemens, Erlangen, Germany) using the
body coil of the scanner for radiofrequency transmission
and an 8-channel phased array head coil for signal recep-
tion. The MR imaging examination included quantitative
T2 mapping as well as conventional T1 and T2-weighted
sequences.

Anatomic imaging for tissue segmentation was based
on a T1-weighted magnetization prepared rapid acquisition
of gradient echoes (MPRAGE) sequence with the fol-
lowing imaging parameters: TR/TE/TI= 1900/3.04/900ms,
FOV= 256× 256× 192mm3, whole-brain coverage, isotropic
spatial resolution= 1mm, bandwidth= 170Hz/pixel, excita-
tion angle= 9°, parallel imaging with reduction factor of 2,
duration= 4min 28s.

Quantitative T2 mapping was based on a fast spin-echo
sequence with an echo-train length of 11 echoes per ex-
citation, an echo spacing of 17.1ms, and the following
imaging parameters: 35 axial slices with 2-mm slice thick-
ness, no interslice gap, TR= 7000ms, band width= 100Hz/
pixel, 180° refocusing pulses, matrix size= 192× 144 (read-
out× phase encoding), FOV= 240× 180mm2, and in-plane
resolution= 1.25× 1.25mm2. For quantitative T2-mapping,
5 datasets were acquired with different TE values (17, 86,
103, 120, 188ms), keeping all other acquisition parameters
constant. The total duration was 8min 55s.

Calculation of qT2maps

To reduce the influence of subject motion, a target data set
was created by calculating the sum of squares average of the

five T2-weighted data sets acquired at different TE. Subse-
quently, the individual source data sets were coregistered to
this target. Quantitative T2 maps were obtained pixel-wise
from the five coregistered data sets by mono-exponentially
fitting the dependence of the T2-weighted signal amplitude
on TE.

Further Image Postprocessing and Analysis

Individual T1-weighted anatomic MPRAGE images were
processed with the Freesurfer software (version 6.0.1,
Athinoula A. Martinos Center for Biomedical Imaging,
Charlestown, MA, USA) using the recon-all stream with
standard parameters for tissue segmentation and surface-
based reconstruction of the cortical ribbon [21, 22], which
enables the indirect calculation of the local cortical thick-
ness [23].

Image coregistration was performed with tools provided
in the Functional Magnetic Resonance Imaging of the Brain
(FMRIB) software library (FSL, version 5.0.7) [24]. Each
subject’s qT2 map was linearly coregistered to the respec-
tive skull-stripped T1-weighted image in the Freesurfer
image space (T1.mgz) in the following way: the second
T2-weighted image (TE= 86ms), which provides sufficient
anatomic contrast for coregistration, was linearly coregis-
tered to the T1-weighted image (Fig. 1). Subsequently, the
resulting coregistration matrix was applied to the qT2 map
for coregistration of the quantitative data to the anatomic
image (Fig. 1).

For spatially coherent analysis of cortical thickness and
cortical qT2 values, the latter were mapped onto the indi-
vidual cortical surface. In order to account for the poorer
spatial resolution of qT2 compared to the MPRAGE im-
ages and to minimize partial volume effects to the adjacent
cerebrospinal fluid and subcortical white matter, qT2 maps
were sampled at the midcortical depth (interval of the cor-
tical depth fraction 0.4–0.6), thereby excluding 40% of the
cortical tissue fraction near the subcortical white matter and
40% of the cortical tissue fraction near the outer pial surface
[25].

For the investigation of the hypothesized effect of hemo-
dynamically relevant ICAOD on cortical microstructure in
the dependent vascular territory and the homologous con-
tralateral area, a region of interest (ROI)-based approach
was used. The ROIs covering the cortical proportion of the
middle cerebral artery (MCA) territory on each side were
created in Montreal Neurological Institute (MNI 152) stan-
dard space (1mm isotropic resolution) according to the vas-
cular territories of the human brain described by Tatu et al.
([26]; Fig. 1, upper left image). The ROIs were non-linearly
coregistered from the MNI standard T1 standard template to
the individual patient-specific T1-weighted image using the
following approach: the T1-weighted MNI standard tem-

K



712 A. Seiler et al.

Fig. 1 Illustration of regions of
interest (ROI) placement and
coregistration procedures. ROIs
covering the cortical portion of
the MCA territory were created
inMNI standard space according
to an atlas of the cerebral vas-
cular territories and were then
non-linearly coregistered (1) to
each individual T1-weighted
anatomic image in Freesurfer
image space. Steps (2) and (3)
involve linear coregistration.
MPRAGE magnetization pre-
pared rapid acquisition of gra-
dient echos, MNI Montreal
Neurological Institute, TE echo
time, q quantitative

Fig. 2 Surface-based analysis of
cortical thickness and cortical
qT2 values. After mapping onto
the cortical surface (a), ROIs
of the cortical part of the MCA
territory were used to extract
mean cortical thickness (b) and
cortical qT2 values (c). The ROI
for the cortical part of the right
MCA territory derived from
MNI standard space as well as
cortical thickness and cortical
qT2 values of one representative
control subject are shown on the
pial surface of the right hemi-
sphere of the average control
subject (fsaverage) created by
the Freesurfer software. Cortical
qT2 values were sampled at
the midcortical depth to min-
imize partial volume effects
from subcortical white matter
and cerebrospinal fluid. Note
that qT2 mapping was not ac-
quired with full brain coverage.
mmmillimeters,msmilliseconds

plate was coregistered to the T1-weighted anatomic image
with a rigid transformation followed by an affine trans-
formation. The affine transformation was used as an ini-
tialization for non-linear coregistration. Finally, the warp
field coefficients obtained from the non-linear coregistra-
tion were applied to coregister the ROIs from MNI stan-

dard space to each individual T1-weighted anatomic im-
age (Fig. 1). The proportion of each ROI which intersected
with the cortical tissue fraction as identified by reconstruc-
tion of the cortical ribbon was mapped onto the cortical
surface (Fig. 2a) and mean values for cortical thickness
and cortical qT2 were extracted from each ROI (Fig. 2c,d).

K



Microstructural Alterations Analogous to Accelerated Aging of the Cerebral Cortex in Carotid Occlusive Disease 713

Previous studies investigating cortical thickness in patients
with cerebrovascular disease showed a strong association
between white matter lesions (WML) of vascular origin and
reduced cortical thickness [27, 28]. Given the high preva-
lence of WML in patients with carotid occlusive disease,
we considered the WML volume as a potential influenc-
ing factor regarding the investigated imaging parameters.
Therefore,WML for each subject were manually segmented
(including earlier subcortical infarcts) for each subject on
the individual second T2-weighted image (TE= 86ms) by
two experienced neuroradiological raters in consensus us-
ing the MRIcron software (Chris Rorden, Columbia, SC,
USA; www.mricro.com). Here, standard consensus criteria
were applied to identify WML of vascular origin [29] and
T1-weighted anatomic images were taken into considera-
tion to ensure accuracy, e.g. in differentiating WML from
prominent perivascular spaces [29]. A binary WML mask
was created by manual delineation of the lesions for each
subject. The individual volume of the segmented WML was
determined by calculating the volume of the lesion mask.

Statistical Analysis

Statistical analyses were performed using SPSS Statis-
tics 26 (IBM Corp. Armonk, NY, USA). For the investi-
gation of significant effects of independent variables on
cortical thickness and cortical qT2 values, two separate
generalized linear mixed models (GLMM) were fitted, in
which the two hemispheres were included as repeated mea-
sures. The independent variables included in each model
consisted of group (patient/control), hemisphere (right/left),
and the presence of upstream carotid stenosis (yes/no). Age
and WML volume (cm3) were included as covariates.
Baseline variables between groups were compared with the
Mann-Whitney U-test. The Wilcoxon-signed rank test was
used to compare cortical thickness and cortical qT2 values
between the hemisphere ipsilateral to the stenosis and the
contralateral hemisphere in ICAOD patients. For assess-
ment of a significant relationship between cortical thickness
and cortical qT2 values Spearman’s rank correlation was
used. Statistical significance was set to p< 0.05.

Table 1 Main effects on cortical
thickness in the first generalized
linear mixed model

Independent variable Coefficient p-value Coefficient 95% CI

Group= patients (patients< controls) –0.492 0.034 –0.945 to –0.038

Hemisphere= right
(right< left)

0.001 0.968 –0.054 to 0.056

Age (covariate) –0.008 0.01 –0.013 to –0.002

WML volume (covariate) –0.01 0.08 –0.021 to 0.001

Upstream carotid stenosis= yes
(yes< no)

–0.031 0.411 –0.107 to 0.044

WML white matter lesion, CI confidence interval

Results

Mean age of ICAOD patients was lower compared to
healthy controls (64.8± 11.2 years vs. 70.8± 7.3 years,
p= 0.075). Out of 22 patients in the ICA stenosis group,
19 (86%) had an extracranial ICA pathology, while the
intracranial ICA was affected in 3 (14%) patients. Of the
patients, 7 (31.8%) had an ICA occlusion (6 extracranial
and 1 intracranial), while the remaining 15 patients (68.2%)
had a high-grade ICA stenosis (range of degree of stenosis:
70–95%) and 1 patient showed a tandem pathology with
a proximal extracranial stenosis of 70% and an intracranial
stenosis of 80%. The right ICA was affected in 15 patients
(68.2%), while the other 7 patients (31.8%) had a left-
sided vessel pathology, 7 (31.8%) of the ICAOD patients
had an asymptomatic vessel pathology and 15 (68.2%)
had suffered a minor subcortical stroke or a transient is-
chemic attack in the territory of the affected artery and
16 patients (72.7%) in the ICAOD group had activated
collaterals as assessed by transcranial Doppler/ultrasound
(8 patients with retrograde flow in the OA or ACA A1,
8 patients with retrograde flow in both OA and ACA A1).
The PSV of the MCA ipsilateral to the ICA pathology was
significantly reduced in comparison to the contralateral
side (69± 28.1cm/s vs. 97.4± 27.32cm/s, p= 0.002). There
was no significant difference between ICAOD patients and
healthy controls regarding WML volume (3.22± 2.56cm3

vs. 3.03± 3.78cm3, p= 0.302). Reconstruction of the cor-
tical surface and thus computation of cortical thickness
failed in one healthy control subject for technical reasons,
while qT2 maps could be analyzed for all subjects included
in the study.

The GLMM analyses showed a significant main effect
of the group on both cortical thickness (p= 0.034) and cor-
tical qT2 values (p= 0.023) with reduced cortical thickness
and increased cortical qT2 in patients compared to con-
trols (Tables 1 and 2; Fig. 3a,b). The presence of upstream
carotid stenosis had a significant main effect on cortical
qT2 (p= 0.01) leading to an increase of qT2 values (Ta-
ble 2; Fig. 3c). For cortical thickness as the dependent
variable, no significant effect of the presence of stenosis
(p= 0.411) was found (Table 1). In ICAOD patients, corti-
cal qT2 values ipsilateral to the stenosis/occlusion were sig-
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Table 2 Main effects on cor-
tical qT2 values in the second
generalized linear mixed model

Independent variable Coefficient p-value Coefficient 95% CI

Group= patients
(patients> controls)

258.018 0.023 36.271 to 479.764

Hemisphere= right
(right> left)

3.383 0.805 –23.788 to 30.554

Age (covariate) 2.916 0.04 0.136 to 5.695

WML volume (covariate) 3.321 0.219 –2.012 to 8.654

Upstream carotid stenosis= yes
(yes> no)

48.911 0.01 12.091 to 85.731

WML white matter lesion, CI confidence interval

Fig. 3 Mean values and standard errors for cortical thickness (a) and cortical qT2 values (b,c) depending on the independent variables “Group” and
“Upstream carotid stenosis” in the generalized linear mixed model. While only “Group” showed a significant main effect on cortical thickness (a),
both “Group” (b) and the presence of upstream carotid stenosis (c) had a significant main effect on cortical qT2 values. 1 denotes ICAOD
patients (a,b) and presence of upstream carotid stenosis (c), while 0 denotes control subjects (a,b) and absence of upstream carotid stenosis (c).
mm millimeters, ms milliseconds

nificantly elevated by comparison to the contralateral hemi-
sphere (264.87± 90.13ms vs. 212.68± 54.71ms, p= 0.003),
while cortical thickness ipsilateral to the vessel pathol-
ogy was smaller compared to the contralateral side with-
out reaching statistical significance (2.3808± 0.1613mm vs.
2.4053± 0.1389mm, p= 0.445).

The WML volume did not have a significant main ef-
fect on cortical thickness (p= 0.08) or cortical qT2 values
(p= 0.219) in the multivariate analyses (Tables 1 and 2);
however, there was a significant main effect of age on both
cortical thickness and cortical qT2 (p= 0.01 and p= 0.04)
with decreasing thickness and increasing qT2 values at
increasing age (Tables 1 and 2). The hemisphere (right/
left) as an independent variable had no significant main
effect on cortical thickness (p= 0.968) or cortical qT2 val-
ues (p= 0.805) (Tables 1 and 2). By between hemisphere
comparisons (right vs. left) in healthy control subjects no
significant differences were found regarding cortical thick-
ness and cortical qT2 values (p= 0.136 and p= 0.681).

After stratification of the ICAOD patients into two
groups according to the status of collateral activation (with/
without collateral activation), no significant differences
were found for cortical thickness and cortical qT2 values

in the hemisphere ipsilateral and contralateral to the steno-
sis/occlusion between the groups. For cortical qT2 values
ipsilateral to the vessel pathology, there was a strong trend
towards significance suggesting higher cortical qT2 in
patients with activated collaterals (288.74± 89.07ms vs.
201.21± 60.29ms, p= 0.059). The ICAOD patients with
activated collaterals had significantly lower PSV values
in the poststenotic/postocclusive MCA as compared to
patients without collateral activation (58.93± 16.63cm/s
vs. 99.2± 35.4cm/s, p= 0.018) and a significantly more
pronounced relative decrease of PSV in the poststenotic/
postocclusive MCA in comparison to the contralateral
MCA (–37.7± 17.55% vs. +4.68± 21.76%, p= 0.006). The
PSV obtained from the poststenotic/postocclusive MCA
showed a significant negative correlation with the ipsilat-
eral cortical qT2 values (r= –0.491, p= 0.028), which was
not found with ipsilateral cortical thickness (r= –0.062,
p= 0.794). Symptomatic (n= 15) and asymptomatic (n= 7)
patients did not show significant differences in terms of
cortical thickness and cortical qT2 values, neither in the
contralateral hemisphere nor in the ipsilateral hemisphere
to the vessel pathology (p-values between 0.091 and 0.368).
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Fig. 4 Scatterplots illustrating the relationship between cortical qT2 values and cortical thickness in healthy control subjects (a) and in ICAOD
patients (b) after stratification according to the respective hemispheres (right/left for control subjects, ipsilateral/contralateral to the stenosis for
ICAOD patients). In ICAOD patients, in the hemisphere ipsilateral to the vessel pathology, there is an increase of cortical qT2 values which is
not accompanied by a concurrent decrease of cortical thickness, leading to a flatter slope of the fitted linear regression line (b). mm millimeters,
ms milliseconds

In healthy control subjects cortical thickness and corti-
cal qT2 values were significantly negatively correlated in
both hemispheres (right hemisphere: r= –0.525, p= 0.021,
left hemisphere: r= –0.493, p= 0.032) (Fig. 4a). This signif-
icant negative correlation was also found in ICAOD patients
in the hemisphere contralateral to the stenosis (r= –0.474,
p= 0.026, Fig. 4c), but not in the hemisphere ipsilateral
to the stenosis (r= –0.242, p= 0.277, Fig. 4b). Correlations
were corrected for multiple comparisons by performing
false discovery rate (FDR) correction (corrected level of
significance: q< 0.038).

Discussion

This study investigated the imaging parameters cortical
thickness and qT2 as plausible markers of potential dam-
age to the cortical microstructure in patients with unilateral
high-grade ICAOD in comparison to an older cohort of
healthy control subjects. Independent of the hemisphere,
ICAOD patients showed decreased cortical thickness and
increased cortical qT2 values compared to control sub-
jects, indicating a global and not only a unilateral effect
of ICAOD on cortical microstructure (Tables 1 and 2,
Fig. 3a,b). Interestingly, the presence of upstream carotid
pathology had a significant main effect on cortical qT2 val-
ues resulting in significantly increased cortical qT2 values
in the MCA territory ipsilateral to the vessel pathology as
compared to the contralateral side (Table 2; Fig. 3c). This
effect was not found in the analysis on cortical thickness as
the dependent variable and cortical thickness did not differ
between the two hemispheres in ICAOD patients (Table 1).

Estimation of cortical thickness is commonly mainly
used as a surrogate of cortical neuronal density [9] while
cortical qT2 mapping is sensitive to pathological processes
like intracellular and extracellular edema, gliotic tissue con-
version and damage of myelin and axonal structures [13, 14,
16]. Both reduction of cortical thickness and prolongation
of cortical qT2 ipsilateral to a high-grade carotid stenosis/
occlusion have been found in previous studies, which sug-
gested an association of these cortical tissue alterations with
hemodynamic impairment [8–11, 16]. In this study, sig-
nificant bilateral cortical thinning and increase of cortical
qT2 values were found in ICAOD patients, involving both
the ipsilateral dependent and the corresponding contralat-
eral vascular territory. In view of the demonstrated associa-
tion of decreased cortical thickness and increased qT2 with
hemodynamic impairment in patients with a high-grade oc-
clusive carotid pathology [8–11, 16] and the widespread
character of bilateral changes in imaging parameters, com-
promised blood flow may be assumed as the pathophysio-
logical mechanism driving changes of cortical thickness and
cortical qT2. Indeed, reduced parenchymal cerebral blood
flow (CBF) has been associated with progressive decrease
of cortical gray matter volume in patients with high-grade
ICAOD [5]. Chronic cerebral hypoperfusion and the result-
ing impairment of brain energy metabolism in patients with
unilateral ICAOD can also affect the contralateral hemi-
sphere through activation of collateral pathways [30–32],
which was found in the majority of our patients, result-
ing in a relative shortage of blood and substrates [30, 33,
34]. Activation of collateral pathways in unilateral high-
grade ICAOD is generally associated with hemodynamic
compromise and reduced cerebral vascular reactivity which
predominantly affect the hemisphere ipsilateral to the steno-
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occlusive vessel pathology but also the contralateral hemi-
sphere. This can be explained by the fact that collaterals
are usually not fully compensating and thus in some respect
reflect the severity of hemodynamic impairment [32, 35].
In this study, consistent with this notion, ICAOD patients
with collateral activation exhibited lower ipsilateral MCA
flow velocity and a significantly more pronounced relative
decrease of the ipsilateral MCA flow velocity compared
to the contralateral side. Concordantly, there was at least
a strong trend towards higher cortical qT2 values ipsilateral
to the ICA pathology in patients with collateral recruitment.
These findings suggest an increase of cortical qT2 values
related to collateral activation which is mediated by hemo-
dynamic impairment as the actual cause. Furthermore, it
has been shown that impairment of cerebral vasoreactiv-
ity as an indicator of exhausted autoregulatory capacity,
which is associated with atrophy of cortical gray matter
[36], occurs in both hemispheres in patients with unilateral
high-grade ICAOD [32, 37, 38]. Consequently, it is plau-
sible that reduced CBF as a result of a drop in perfusion
pressure distal to the vessel pathology is responsible for
the bilateral pathological alterations of cortical microstruc-
ture. Critical hypoperfusion leads to an impaired delivery
of oxygen and energy substrates in the cerebral microcir-
culation which may induce a neurodegenerative process [5,
39, 40]. Since the cortical gray matter is particularly prone
to hypoperfusion due to its high demand regarding oxygen
and glucose supply [41], relative bilateral hypoperfusion
plausibly explains the pathological alterations of cortical
microstructure as the causative mechanism.

In addition to the global cortical thinning and increase
of cortical qT2 values found in ICAOD patients, there is
an independent effect of carotid stenosis on the ipsilateral
cortex causing an extensive prolongation of cortical qT2
(Table 2; Fig. 3c) compared to the contralateral side. This
finding is best explained by the unilaterally pronounced
chronic hemodynamic compromise [42] caused by a high-
grade carotid stenosis and the subsequent harmful effect on
the cortical microstructure [16]. Strongly supporting this
hypothesis, there was a significant reduction of the MCA
flow velocity ipsilateral to the ICA pathology as compared
to the contralateral side and the poststenotic/postocclusive
PSV was significantly negatively correlated with ipsilateral
cortical qT2 values, indicating increasing cortical qT2 with
compromised antegrade flow to the affected vascular ter-
ritory. While in some studies ipsilateral cortical thinning
was detected and could be directly linked to cerebral blood
flow impairment [8–11], a recent study on patients with uni-
lateral ICA stenosis failed to demonstrate this effect [12].
This might be partly due to the fact that the extent of cor-
tical thickness reduction associated with cerebral hypoper-
fusion is generally small and thus not necessarily repro-
ducible in smaller patient collectives with only moderate

hypoperfusion. Furthermore, cortical thinning is commonly
assumed to reflect mainly neuronal loss and involution of
the neuropil [9] and thus an early stage of cortical atrophy.
Therefore, pathological alterations of cortical microstruc-
ture that precede changes of the cortical volume fraction
might not be captured by estimation of cortical thickness.
This interpretation of reduced cortical thickness as a con-
sequence of neuroglial involution and thus of a degenera-
tive process may apply only to adults, where both aging
and pathological conditions are associated with a decline
of cortical thickness [27]. During adolescence, the decrease
of cortical thickness associated with increasing age occurs
due to cortical restructuring with elimination of inefficient
synaptic connections and proliferation of myelin, leading to
a refinement of neural circuits [43–46]. Therefore, cortical
thinning during adolescence reflects cortical maturation and
is not indicative of a degenerative process; however, in this
study on older subjects, the association of reduced cortical
thickness with increased cortical qT2 values indicates a de-
generative process. Generally, increase of cortical qT2 val-
ues and cortical thinning are closely linked (Fig. 4a,b) and
presumably represent the same underlying pathological de-
velopment. These pathological tissue changes represent cor-
tical microstructural damage as a degenerative process ulti-
mately leading to cortical atrophy. Considering the fact that
cortical thinning represents volume reduction (even though
subtle), while qT2 mapping is sensitive to pathological al-
terations which may not necessarily go along with changes
of the cortical volume fraction at an early stage, these two
imaging parameters presumably reflect both different as-
pects and different pathophysiological states of cortical mi-
crostructural pathology. An independent effect of upstream
carotid stenosis was not found concerning cortical thickness
(Table 1) and there was no significant difference in cortical
thickness between the ipsilateral and the contralateral hemi-
sphere in ICAOD patients. Thus, in the cortex ipsilateral to
the stenosis, there seems to be an overproportional increase
of cortical qT2 which is not accompanied by a concurrent
reduction of cortical thickness (Fig. 4b), for which reason
the significant negative relationship between cortical thick-
ness and cortical qT2 values is not maintained (Fig. 4b).
This suggests pathological processes such as gliosis, mi-
crostructural enlargement of the extracellular compartment
due to neuronal involution, loss of myelin and axonal dam-
age that increase quantitative transverse relaxation time and
precede reduced cortical thickness. Compared to estimation
of cortical thickness, qT2 mapping might be a more sensi-
tive imaging marker for early hypoperfusion-related tissue
damage.

As expected [12, 14], there was a significant general
effect of age on both cortical thickness and cortical qT2
values with decreased cortical thickness and increased cor-
tical qT2 values at higher age (Tables 1 and 2). Thus, given
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the younger mean age of ICAOD patients compared to the
healthy control subjects, chronic hemodynamic impairment
seems to trigger a degenerative process which may equate
to anticipated aging of the cerebral cortex and provide a link
to cognitive impairment in carotid occlusive disease. It is
also known that CBF generally decreases with age [47–49];
however, since it is not entirely clear whether reduced cere-
bral perfusion is a cause or a consequence of cortical at-
rophy at all in normal brain aging [50, 51], and whether
hypoperfusion-related and merely age-related alterations of
cortical microstructure show different properties on the his-
tological level, this has to be interpreted with caution.

Subcortical infarcts are known to cause focal cortical
thinning in connected ipsilateral and contralateral cortical
areas [52, 53]. In addition, previous studies investigating
cortical thickness in subjects with white matter hyperinten-
sities suggested both global and region-specific associations
between cortical thickness and WML lesion volume [27,
28]. Yet, in our study WML lesion volume did not signif-
icantly affect cortical thickness and cortical qT2 values in
multivariate analyses (Tables 1 and 2). Furthermore, WML
lesion volumes did not differ significantly between patients
and control subjects and therefore group differences regard-
ing imaging parameters in any case would not be explain-
able by differences in WML lesion volumes. This finding
supports the assumption that the association between high-
grade ICAOD and pathological alterations of cortical mi-
crostructure is directly mediated by a restriction of blood
flow through the hemodynamically relevant large vessel
pathology [16] and not by a widespread distal microvascu-
lar pathology. Thus, in contrast to what has been suggested
earlier [7, 54], ICAOD in this respect might not only be an
indicator of generalized atherosclerosis affecting the cor-
tical microstructure by direct involvement of the cerebral
microcirculation. Although the macrovascular blood flow
velocity as measured with Doppler/ultrasound is related to
the regional blood flow of the more distal vasculature, it
does not allow assessment of the hemodynamic situation
on the tissue level in affected brain parenchyma. Therefore,
a combination of cortical thickness and qT2 mapping with
arterial spin labeling (ASL) as a technique for the absolute
quantification of CBF would be of great interest for future
studies and permit an evaluation of cortical thinning and
cortical qT2 increase related to hypoperfusion of the re-
spective cortical region. Furthermore, the combination with
territorial vessel-encoded ASL would allow the investiga-
tion of collateral flow patterns [32, 55, 56], the magnitude
of collateral blood flow, and thus the relationship between
cortical qT2 values and collateral supply.

In this study, estimation of cortical thickness and corti-
cal qT2 mapping were used as two complementary imag-
ing parameters, presumably reflecting different aspects of
the same tissue pathology, with a ROI-based approach.

The multivariate analyses allowed separate investigations
of both a general and a side-specific effect of unilateral
ICAOD on cortical thickness and cortical qT2 values, while
considering and controlling for other influencing factors.
Furthermore, the linear mixed models employed in this
study accounted for the fact that a subject’s two hemi-
spheres should not be regarded as statistically independent
from each other, while enabling the inclusion of the hemi-
spheres as repeated measures. Most of the ICAOD patients
showed WML and thus did not have lesion-free brains. Al-
though the actual causative link between the presence of
ICAOD and the magnitude of cerebral WML is still un-
known [57, 58], the general association between ICAOD
and bilateral WML is well-documented [59, 60]. Therefore,
the patient selection in this study allowed investigation of
a somewhat representative patient collective with respect to
the general cross-section of ICAOD patients.

Limitations

This study has several limitations. First of all, the over-
all sample sizes of both groups are relatively small which
may limit the detection of significant differences in cortical
thickness as the magnitude of cortical thickness changes is
generally small. It should be noted that the acquisition of
quantitative MRI data may require relatively long measure-
ment times and that multi-echo sequences in general are
susceptible to subject motion, which can be problematic in
patients with cerebrovascular disease. Thus, the eligibility
of patients for an imaging study may be limited by these
factors, especially for patients with acute or subacute neuro-
logical symptoms or other relevant comorbidities. Further-
more, our patient collective was heterogeneous in terms of
the clinical course of the vessel pathology and patients and
control subjects were not perfectly matched in all aspects.
Although we controlled for subcortical ischemic lesions in
our analysis, we cannot completely exclude certain con-
cealed differences between symptomatic and asymptomatic
patients, potentially influencing our results. Yet, our analy-
sis was not powered to investigate an impact of the clinical
course on the imaging parameters or an association between
imaging markers of cortical microstructural integrity and
clinical outcome. Since this was not a longitudinal study,
we are not able to comment further on the significant neg-
ative relationship between cortical thickness and cortical
qT2 values. Even though it is plausible that pathological
changes, which cause a prolongation of transverse relax-
ation time antecede measurable cortical thinning, it cannot
be ruled out that cortical thickness itself may have an in-
fluence on cortical qT2; however, this would not question
the results of this study with respect to the proven effects
of carotid stenosis on cortical thickness and cortical qT2
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values. Finally, we did not systematically assess clinical
features, such as cognitive performance and therefore we
cannot relate our results to clinical findings.

Conclusion

In conclusion, our results demonstrate global cortical thin-
ning and increased cortical qT2 values in patients with uni-
lateral high-grade ICAOD even when compared to an older
cohort of control subjects, despite the general influence of
age on both cortical thickness and cortical qT2 in multi-
variate analyses. This finding suggests a harmful effect of
chronic cerebral hypoperfusion on cortical microstructure
in both hemispheres, which may be similar to accelerated
aging processes of the cerebral cortex. Additionally, there is
an independent effect of high-grade carotid stenosis on the
ipsilateral cortex, which causes an extensive prolongation
of cortical qT2 and is presumably mediated by unilaterally
pronounced chronic hemodynamic impairment. Increases of
cortical qT2 seem to precede cortical atrophy with reduced
cortical thickness due to the sensitivity of qT2 mapping to
pathological microstructural alterations that take place be-
fore cortical volume reduction occurs. Therefore, qT2 might
be suitable to depict early cortical microstructural damage
and may be helpful to identify patients who could still ben-
efit from revascularization. Further research is necessary to
explore the clinical relevance of cortical qT2 changes in pa-
tients with carotid occlusive disease, especially with respect
to potential cognitive impairment.

Funding Open Access funding provided by Projekt DEAL.

Conflict of interest A. Seiler, A. Brandhofe, R.-M. Gracien,
W. Pfeilschifter, E. Hattingen, R. Deichmann, U. Nöth and M. Wagner
declare that they have no competing interests.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
0/.

References

1. Gorelick PB, Wong KS, Bae HJ, Pandey DK. Large artery intracra-
nial occlusive disease: a large worldwide burden but a relatively
neglected frontier. Stroke. 2008;39:2396–9.

2. Flaherty ML, Kissela B, Khoury JC, Alwell K, Moomaw CJ, Woo
D, Khatri P, Ferioli S, Adeoye O, Broderick JP, Kleindorfer D.

Carotid artery stenosis as a cause of stroke. Neuroepidemiology.
2013;40:36–41.

3. Bakker FC, Klijn CJ, Jennekens-Schinkel A, van der Tweel I,
Tulleken CA, Kappelle LJ. Cognitive impairment in patients with
carotid artery occlusion and ipsilateral transient ischemic attacks.
J Neurol. 2003;250:1340–7.

4. Cheng HL, Lin CJ, Soong BW,Wang PN, Chang FC, Wu YT, Chou
KH, Lin CP, Tu PC, Lee IH. Impairments in cognitive function and
brain connectivity in severe asymptomatic carotid stenosis. Stroke.
2012;43:2567–73.

5. Muller M, van der Graaf Y, Algra A, Hendrikse J, Mali WP,
Geerlings MI; SMART Study Group. Carotid atherosclerosis and
progression of brain atrophy: the SMART-MR study. Ann Neurol.
2011;70:237–44.

6. Nadarajah B, Parnavelas JG. Modes of neuronal migration in the
developing cerebral cortex. Nat Rev Neurosci. 2002;3:423–32.

7. Alhusaini S, Karama S, Nguyen TV, Thiel A, Bernhardt BC,
Cox SR, Corley J, Taylor A, Evans AC, Star JM, Bastin ME,
Wardlaw JM, Deary IJ, Ducharme S. Association between carotid
atheroma and cerebral cortex structure at age 73 years. Ann Neurol.
2018;84:576–87.

8. Fierstra J, Poublanc J, Han JS, Silver F, Tymianski M, Crawley AP,
Fisher JA, Mikulis DJ. Steal physiology is spatially associated with
cortical thinning. J Neurol Neurosurg Psychiatry. 2010;81:290–3.

9. Fierstra J, Maclean DB, Fisher JA, Han JS, Mandell DM, Conklin
J, Poublanc J, Crawley AP, Regli L, Mikulis DJ, Tymianski M.
Surgical revascularization reverses cerebral cortical thinning in pa-
tients with severe cerebrovascular steno-occlusive disease. Stroke.
2011;42:1631–7.

10. Marshall RS, Asllani I, Pavol MA, Cheung YK, Lazar RM. Al-
tered cerebral hemodyamics and cortical thinning in asymptomatic
carotid artery stenosis. PLoS ONE. 2017;12:e189727.

11. Lee JJ, Shimony JS, Jafri H, Zazulia AR, Dacey RG Jr, Zipfel
GR, Derdeyn CP. Hemodynamic impairment measured by positron-
emission tomography is regionally associated with decreased corti-
cal thickness in moyamoya phenomenon. AJNR Am J Neuroradiol.
2018;39:2037–44.

12. Nickel A, Kessner S, Niebuhr A, Schröder J, Malherbe C, Fischer F,
Heinze M, Cheng B, Fiehler J, Pinnschmidt H, Larena-Avellaneda
A, Gerloff C, Thomalla G. Cortical thickness and cognitive per-
formance in asymptomatic unilateral carotid artery stenosis. BMC
Cardiovasc Disord. 2019;19:154.

13. Glasser MF, Goyal MS, Preuss TM, Raichle ME, Van Essen DC.
Trends and properties of human cerebral cortex: correlations with
cortical myelin content. Neuroimage. 2014;93:165–75.

14. Wagner M, Helfrich M, Volz S, Magerkurth J, Blasel S, Porto L,
Singer OC, Deichmann R, Jurcoane A, Hattingen E. Quantitative
T2, T2*, and T2’ MR imaging in patients with ischemic leukoaraio-
sis might detect microstructural changes and cortical hypoxia. Neu-
roradiology. 2015;57:1023–30.

15. Asllani I, Slattery P, Fafard A, Pavol M, Lazar RM, Marshall RS.
Measurement of cortical thickness asymmetry in carotid occlusive
disease. Neuroimage Clin. 2016;12:640–4.

16. Seiler A, Deichmann R, Nöth U, Lauer A, Pfeilschifter W, Singer
OC, Wagner M. Extent of microstructural tissue damage correlates
with hemodynamic failure in high-grade carotid occlusive disease:
an MRI study using quantitative T2 and DSC perfusion. AJNR Am
J Neuroradiol. 2018;39:1273-9.

17. Arning C, Widder B, von Reutern GM, Stiegler H, Görtler M. Re-
vision of DEGUM ultrasound criteria for grading internal carotid
artery stenoses and transfer to NASCET measurement. Ultraschall
Med. 2010;31:251–7.

18. Lee DH, Gao FQ, Rankin RN, Pelz DM, Fox AJ. Duplex and color
Doppler flow sonography of occlusion and near occlusion of the
carotid artery. AJNR Am J Neuroradiol. 1996;17:1267–74.

K

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Microstructural Alterations Analogous to Accelerated Aging of the Cerebral Cortex in Carotid Occlusive Disease 719

19. Zhang J, Kolind SH, Laule C, MacKay AL. Comparison of myelin
water fraction from multiecho T2 decay curve and steady-state
methods. Magn Reson Med. 2015;73:223–32.

20. Savic I, Arver S. Sex differences in cortical thickness and their
possible genetic and sex hormonal underpinnings. Cereb Cortex.
2014;24:3246–57.

21. Dale AM, Fischl B, Sereno MI. Cortical surface-based anal-
ysis. I. Segmentation and surface reconstruction. Neuroimage.
1999;9:179–94.

22. Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II:
Inflation, flattening, and a surface-based coordinate system. Neu-
roimage. 1999;9:195–207.

23. Fischl B, Dale AM. Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc Natl Acad Sci U S A.
2000;97:11050–5.

24. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens
TE, Johansen-Berg H, Bannister PR, De Luca M, Drobnjak I, Flit-
ney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De Stefano
N, Brady JM, Matthews PM. Advances in functional and struc-
tural MR image analysis and implementation as FSL. Neuroimage.
2004;23:S208–19.

25. Gracien RM, Reitz SC, Hof SM, Fleischer V, Droby A, Wahl
M, Steinmetz H, Groppa S, Deichmann R, Klein JC. Longitudi-
nal quantitative MRI assessment of cortical damage in multiple
sclerosis: a pilot study. J Magn Reson Imaging. 2017;46:1485–90.

26. Tatu L, Moulin T, Bogousslavsky J, Duvernoy H. Arterial ter-
ritories of the human brain: cerebral hemispheres. Neurology.
1998;50:1699–708.

27. Tuladhar AM, Reid AT, Shumskaya E, de Laat KF, van Norden AG,
van Dijk EJ, Norris DG, de Leeuw FE. Relationship between white
matter hyperintensities, cortical thickness, and cognition. Stroke.
2015;46:425–32.

28. Zhuang Y, Zeng X, Wang B, Huang M, Gong H, Zhou F. Cortical
surface thickness in the middle-aged brain with white matter hyper-
intense lesions. Front Aging Neurosci. 2017;9:225.

29. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F,
Frayne R, Lindley RI, O’Brien JT, Barkhof F, Benavente OR,
Black SE, Brayne C, Breteler M, Chabriat H, Decarli C, de Leeuw
FE, Doubal F, Duering M, Fox NC, Greenberg S, Hachinski V, Kil-
imann I, Mok V, Oostenbrugge Rv, Pantoni L, Speck O, Stephan
BC, Teipel S, Viswanathan A, Werring D, Chen C, Smith C, van
Buchem M, Norrving B, Gorelick PB, Dichgans M; STandards
for ReportIng Vascular changes on nEuroimaging (STRIVE v1).
Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. Lancet Neurol.
2013;12:822–38.

30. Hendrikse J, Rutgers DR, Klijn CJ, Eikelboom BC, van der
Grond J. Effect of carotid endarterectomy on primary collateral
blood flow in patients with severe carotid artery lesions. Stroke.
2003;34:1650–4.

31. Sánchez-Arjona MB, Sanz-Fernández G, Franco-Macías E, Gil-
Peralta A. Cerebral hemodynamic changes after carotid angio-
plasty and stenting. AJNR Am J Neuroradiol. 2007;28:640–4.

32. Hartkamp NS, Petersen ET, Chappell MA, Okell TW, Uytten-
boogaart M, Zeebregts CJ, Bokkers RP. Relationship between
haemodynamic impairment and collateral blood flow in carotid
artery disease. J Cereb Blood Flow Metab. 2018;38:2021–32.

33. Seiler A, Kammerer S, Gühl A, Schüre JR, Deichmann R, Nöth
U, Pfeilschifter W, Hattingen E, Keese M, Pilatus U, Wagner M.
Revascularization of high-grade carotid stenosis restores global
cerebral energy metabolism. Stroke. 2019;50:1742–50.

34. Sadato A, Maeda S, Hayakawa M, Adachi K, Toyama H, Naka-
hara I, Hirose Y. Carotid stenting for unilateral stenosis can increase
contralateral hemispheric cerebral blood flow. J Neurointerv Surg.
2018;10:351–4.

35. Strother MK, Anderson MD, Singer RJ, Du L, Moore RD, Shyr
Y, Ladner TR, Arteaga D, Day MA, Clemmons PF, Donahue MJ.
Cerebrovascular collaterals correlate with disease severity in adult
North American patients with Moyamoya disease. AJNR Am J
Neuroradiol. 2014;35:1318–24.

36. Aoi MC, Hu K, Lo MT, Selim M, Olufsen MS, Novak V. Im-
paired cerebral autoregulation is associated with brain atrophy and
worse functional status in chronic ischemic stroke. PLoS One.
2012;7:e46794.

37. Furst H, Hartl WH, Janssen I. Patterns of cerebrovascular reactiv-
ity in patients with unilateral asymptomatic carotid artery stenosis.
Stroke. 1994;25:1193–200.

38. Hartkamp NS, Bokkers RP, van Osch MJ, de Borst GJ, Hendrikse J.
Cerebrovascular reactivity in the caudate nucleus, lentiform nucleus
and thalamus in patients with carotid artery disease. J Neuroradiol.
2017;44:143–50.

39. de la Torre JC. Critically attained threshold of cerebral hypoperfu-
sion: the CATCH hypothesis of Alzheimer’s pathogenesis. Neuro-
biol Aging. 2000;21:331–42.

40. Shibata M, Ohtani R, Ihara M, Tomimoto H. White matter lesions
and glial activation in a novel mouse model of chronic cerebral hy-
poperfusion. Stroke. 2004;35:2598–603.

41. Kirkness CJ. Cerebral blood flow monitoring in clinical practice.
AACN Clin Issues. 2005;16:476–87.

42. Göttler J, Kaczmarz S, Nuttall R, Griese V, Napiórkowski N,
Kallmayer M, Wustrow I, Eckstein HH, Zimmer C, Preibisch C,
Finke K, Sorg C. The stronger one-sided relative hypoperfusion,
the more pronounced ipsilateral spatial attentional bias in patients
with asymptomatic carotid stenosis. J Cereb Blood Flow Metab.
2020;40:314-27.

43. Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N,
Greenstein D, Clasen L, Evans A, Rapoport JL, Giedd JN, Wise
SP. Neurodevelopmental trajectories of the human cerebral cortex.
J Neurosci. 2008;28:3586–94.

44. Huttenlocher PR, Dabholkar AS. Regional differences in synapto-
genesis in human cerebral cortex. J Comp Neurol. 1997;387:167–78.

45. Knudsen EI. Sensitive periods in the development of the brain and
behavior. J Cogn Neurosci. 2004;16:1412–25.

46. Sowell ER, Thompson PM, Leonard CM, Welcome SE, Kan E,
Toga AW. Longitudinal mapping of cortical thickness and brain
growth in normal children. J Neurosci. 2004;24:8223–31.

47. van Es AC, van der Grond J, ten Dam VH, de Craen AJ, Blauw GJ,
Westendorp RG, Admiraal-Behloul F, van BuchemMA; PROSPER
Study Group. Associations between total cerebral blood flow and
age related changes of the brain. Plos One. 2010;5:e9825.

48. Buijs PC, Krabbe-Hartkamp MJ, Bakker CJ, de Lange EE, Ramos
LM, Breteler MM, Mali WP. Effect of age on cerebral blood flow:
measurement with ungated two-dimensional phase-contrast MR an-
giography in 250 adults. Radiology. 1998;209:667–74.

49. Hagstadius S, Risberg J. Regional cerebral blood flow characteris-
tics and variations with age in resting normal subjects. Brain Cogn.
1989;10:28–43.

50. Meltzer CC, Cantwell MN, Greer PJ, Ben-Eliezer D, Smith G,
Frank G, Kaye WH, Houck PR, Price JC. Does cerebral blood
flow decline in healthy aging? A PET study with partial-volume
correction. J Nucl Med. 2000;41:1842–8.

51. Chen JJ, Rosas HD, Salat DH. Age-associated reductions in cere-
bral blood flow are independent from regional atrophy. Neuroim-
age. 2011;55:468–78.

52. Duering M, Righart R, Csanadi E, Jouvent E, Hervé D, Chabriat H,
Dichgans M. Incident subcortical infarcts induce focal thinning in
connected cortical regions. Neurology. 2012;79:2025–8.

53. Cheng B, Dietzmann P, Schulz R, Boenstrup M, Krawinkel L,
Fiehler J, Gerloff C, Thomalla G. Cortical atrophy and transcal-
losal diaschisis following isolated subcortical stroke. J Cereb Blood
Flow Metab. 2020;40:611-21.

K



720 A. Seiler et al.

54. Lee JS, Kang D, Jang YK, Kim HJ, Na DL, Shin HY, Kang M,
Yang JJ, Lee JM, Lee J, Kim YJ, Park KC, Guallar E, Seo SW, Cho
J. Coronary artery calcium is associated with cortical thinning in
cognitively normal individuals. Sci Rep. 2016;6:34722.

55. Wong EC. Vessel-encoded arterial spin-labeling using pseudocon-
tinuous tagging. Magn Reson Med. 2007;58:1086–91.

56. Kansagra AP, Wong EC. Quantitative assessment of mixed cerebral
vascular territory supply with vessel encoded arterial spin labeling
MRI. Stroke. 2008;39:2980–5.

57. Wardlaw JM, Allerhand M, Doubal FN, Valdes Hernandez M, Mor-
ris Z, Gow AJ, Bastin M, Starr JM, Dennis MS, Deary IJ. Vascular
risk factors, large-artery atheroma, and brain white matter hyperin-
tensities. Neurology. 2014;82:1331–8.

58. Potter GM, Doubal FN, Jackson CA, Sudlow CL, Dennis MS,
Wardlaw JM. Lack of association of white matter lesions with ipsi-
lateral carotid artery stenosis. Cerebrovasc Dis. 2012;33:378–84.

59. Ye H, Wang Y, Qiu J, Wu Q, Xu M, Wang J. White matter hyperin-
tensities and their subtypes in patients with carotid artery stenosis:
a systematic review and meta-analysis. BMJ Open. 2018;8:e20830.

60. Ammirati E, Moroni F, Magnoni M, Rocca MA, Messina R, Anza-
lone N, De Filippis C, Scotti I, Besana F, Spagnolo P, Rimoldi OE,
Chiesa R, Falini A, Filippi M, Camici PG. Relation between char-
acteristics of carotid atherosclerotic plaques and brain white matter
hyperintensities in asymptomatic patients. Sci Rep. 2017;7:10559.

K


	Microstructural Alterations Analogous to Accelerated Aging of the Cerebral Cortex in Carotid Occlusive Disease
	Abstract
	Introduction
	Material and Methods
	ICAOD Patients and Control Subjects
	MRI Protocol
	Calculation of qT2 maps
	Further Image Postprocessing and Analysis
	Statistical Analysis

	Results
	Discussion
	Limitations
	Conclusion
	References


