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Editorial on the Research Topic

Update on Vascular Contributions to Age-Related Neurodegenerative Diseases and Cognitive

Impairment - Research of ISNVD 2020 Meeting

Vascular pathologies are among the most common contributors to neurodegenerative changes
along the spectrum of normal aging to dementia. Cerebral small vessel disease (SVD) in particular
represents a diverse range of neuropathological conditions that affect capillaries, small arteries,
arterioles and small veins in the brain and have a prominent role as vascular contributions to
cognitive impairment and dementia (VCID) (1, 2), even in patients considered to have Alzheimer’s
disease. These cerebrovascular abnormalities are associated with imaging based biomarkers,
including white matter hyperintensities, lacunes, cerebral microbleeds, enlarged perivascular
spaces, cerebral microinfarcts, and cortical atrophy. As such, SVD currently causes 20% of ischemic
strokes, are the underlying cause of spontaneous intracerebral hemorrhage and constitutes a main
source of cognitive decline or VCID, particularly in the elderly (3). It has been reported that with
one in three people having clinical ischemia or stroke during their lifetime, dementia occurs in an
estimated 30% of post-stroke patients; the effects on public health impact is enormous. However,
apart from risk containment, efforts to prevent or to treat SVD are ineffective; much remains to be
learned about the underpinnings of vascular pathophysiology, regional vulnerability, and disease
progression over time. Along this line, MRI plays an important role due to its potential of revealing
in vivo pathophysiology, early detection and clinical correlations.

In this Research Topic, we aim to gather recent research to better understand vascular
contributions to age-related neurodegenerative diseases and cognitive impairment. This special
issue includes 2 reviews, 2 brief research reports, and 11 original research articles. The articles cover
a number of neurodegenerative diseases including stroke, Alzheimer’s disease (AD), Parkinson’s
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disease (PD), and multiple sclerosis (MS) and give insight into
ongoing topics on both arterial (e.g., ischemia) and venous (e.g.,
inflammation) systems as well as the glymphatic system. We also
aim to promote research exchange across different fields (e.g.,
imaging, vascular anatomy, brain physiology, clinical symptom
monitoring and treatment). Most papers in this special issue
applied MRI studies to better understand disease mechanisms,
to help differential diagnosis, and to develop imaging biomarkers
for evaluating disease progression. New technical developments
of advanced neurovascular imaging in age-related cognitive
impairment are also included.

Currently, there is still a significant knowledge gap of
how the vascular pathophysiological underpinnings initiate
the long-term neurodegeneration processes in age-related
cognitive impairment. There are seven papers on this topic
from researchers with diverse expertise. Post-stroke cognitive
impairment (PSCI) occurs in over 80% of acute stroke survivors
and represents one of the major causes of vascular dementia,
however, its underlying mechanism is unknown. Zhong et al.
reported that in patients with early subacute ischemic stroke,
the lesion volume in the cortical cholinergic pathways (CCP)
was associated with cognitive impairment. The disruption of
the cholinergic pathways might contribute to newly developed
dementia in patients with PSCI. Sharma et al. (4) further
demonstrated that the PSCI changes can occur 4-8 weeks post-
infarct, and patients with high-risk of early PSCI development
should be identified for targeted rehabilitation and counseling
to improve longer-term outcomes. Savadori et al. (5) assessed
a cohort of elderly who had atrial fibrillation (AF), a condition
associated with reduced physical performance and increased risk
of cognitive decline, suggesting a possible link between motor
and cognitive performance. Cerebral SVD is commonly seen in
the elderly. One study by Zhao et al. investigated whether spatial
navigation performance is impaired in elderly SVD patients.
Compared to healthy controls, only severe SVD or patients with
higher Fazekas scores exhibited significantly worse performance
on simulated navigation tasks, suggesting spatial navigation
decline may be one of manifestation in severe SVD. To study
the genetic role in subcortical vascular cognitive impairment
(svMCI), Yoon et al. compared the longitudinal changes in SVD
markers and cognitive function between svMCI patients with and
without NOTCH3 variant, and they showedNOTCH3(+) svMCI
group had much greater increases in the lacune and cerebral
microbleed counts than the NOTCH3(–) svMCI group. Over 5
years follow up, however, no significant differences were found
between the two groups regarding dementia conversion rate in
these patients.

Regarding screening for cognitive impairment after stroke, Xu
et al. (6) compared the diagnostic accuracy of a Chinese version
of the Quick Mild Cognitive Impairment (Qmci-CN) with a
widely-used Chinese version of Montreal Cognitive Assessment
(MoCA-CN) and Mini-Mental State Examination (MMSE-CN).
They showed that the Qmci-CN is accurate in identifying post-
stroke dementia and separating PSD from no-dementia PSCI.
This test was comparable to MoCA-CN but with a significantly
shorter administration time. However, the Qmci-CN is relatively
poor in differentiating no-dementia PSCI patients from controls.

One animal study by Wei et al. investigated the age effects on
cerebrovascular and physiological parameters by characterizing
the longitudinal time courses across the adult lifespan in
mice. The results revealed an age-related increase in oxygen
consumption without decrease of cerebral perfusion (unlike
human studies), which is consistent with the absence of white
matter hyperintensities (WMHs) in aged mice. A more relevant
implication from this study is that using animal models to study
human aging process has limitations.

Recently there is substantial interest regarding the role of the
glymphatic system in AD. Agarwal and Carare (7) provided a
novel overview of the role of cerebral vessels and their connection
with cerebrospinal fluid (CSF) and interstitial fluid (ISF) in
brain waste clearance. Emerging evidence shows damage to
macro/microvasculature or their dysfunction will compromise
the fluid movement and alter the homeostasis of the brain,
which in turn leads to neuronal cell loss and dementia. Since
the central nervous system (CNS) is completely submerged in
CSF, it is critical to map out its clearance pathway from peri-
neural and peri-vascular space to bulk flow in subarachnoid
space. Using several fluid-sensitive MRI techniques, Fahmy et
al. (8) successfully demonstrated the presence of CSF within all
peri-neural (cranial and spinal nerves) and peri-vascular spaces
in vivo human brain and spinal cord. These findings suggest
that anatomically, substance exchange neural tissue and outside
glymphatic space can only occur through CSF and vascular
pathways although further investigations are warranted to study
their specific role in waste clearance and immunity.

Two papers focused on brain perfusion changes in Parkinson’s
disease. Laganà et al. applied a multimodal MRI approach to
investigate early PD with resting state functional MRI (rsfMRI)
and arterial spin labeling (ASL). They found reduced functional
connectivity (FC) in patients within a sensory-motor network
and visual networks accompanied by a decreased CBF compared
to controls. Another study by Pelizzari et al. investigated CBF
within the regions associated with fronto-parietal network in PD
patients without dementia. They found significantly lower CBF
in the left superior and inferior parietal lobes in patients who also
performed poorer on MoCA tests. The decreased perfusion in
parietal regions may be associated with lower visuomotor skills
and has potential for longitudinal studies investigating cognitive
decline in PD.

Haacke et al. reviewed over 200 papers and provided an
in-depth discussion of the evidence for vascular pathogenesis
in MS lesions. They put together multiple key pieces of
information from the literature regarding vascular remodeling,
venous collagenosis, abnormal venous flow, perfusion,
endothelial dysfunction and vascular endothelial growth
factors. After combining their own findings using ultra-small
superparamagnetic iron oxide or USPIO-enhanced MRI,
they raised one possible theory on MS lesion etiology that
is associated with locally disrupted blood flow, which in
turn leads to remodeling of the medullary veins followed
by endothelial damage with the subsequent cascade of
inflammatory and demyelinating events. Two other papers
reported cerebrovascular abnormalities in MS. Jakimovski
et al. (9) investigated the associations between cerebral
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perfusion and disease outcomes in MS patients with and
without comorbid cardiovascular diseases (CVD). They found
decreased brain perfusion in both cortical and deep GM
is associated with poorer MS outcomes, but not with the
presence of CVD. By combining plasma and MRI biomarkers
of MS, Ziliotto et al. (10) investigated the link between
microvascular abnormalities and immune inflammatory
changes and their role in neurodegeneration. They showed
that higher protein C (PC) levels were associated with large
brain volume loss in relapsing remitting but not in progressive
MS. Higher chemokine C-C motif ligand 18 (CCL18) levels
were associated with higher T2-lesion volumes in all MS
patients, and higher CCL18 levels were associated with lower
volumes of the GM in progressive MS. These results will
help us to better understand the disease heterogenetic nature
of MS.

Regarding the novel cerebrovascular imaging techniques for
aging and dementia studies, Taneja et al. (11) compared two
quantitative CBF techniques, phase-contrast (PC)- and ASL-
based hypercapnia MRI that were used to assess cerebrovascular
reactivity (CVR). CVR is a relatively new marker for assessing

vasomotor function and has shown great promise in predicting
age-related neurodegeneration. The results suggest that PC-based
CVR is a more sensitive method for aging effects despite being a
global measure and lacking spatial information. This voxel-wise
ASL-based method tends to underestimate CVR.

In summary, this is an exciting time in neurovascular and
aging research. In this Research Topic, we hope to provide a
comprehensive collection to cover the latest advances with a wide
range of cross-disciplinary topics on neurovascular research in
neurodegenerative diseases.
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Background: Characterization of physiological parameters of the aging brain, such

as perfusion and brain metabolism, is important for understanding brain function and

diseases. Aging studies on human brain have mostly been based on the cross-sectional

design, while the few longitudinal studies used relatively short follow-up time compared

to the lifespan.

Objectives: To determine the longitudinal time courses of cerebral physiological

parameters across the adult lifespan in mice.

Methods: The present work examined longitudinal changes in cerebral blood flow (CBF),

cerebral venous oxygenation (Yv), and cerebral metabolic rate of oxygen (CMRO2) using

MRI in healthy C57BL/6 mice from 3 to 20 months of age. Each mouse received 16

imaging sessions at an ∼1-month interval.

Results: Significant increases with age were observed in CBF (p = 0.017) and CMRO2

(p < 0.001). Meanwhile, Yv revealed a significant decrease (p = 0.002) with a non-linear

pattern (p= 0.013). The rate of change was 0.87, 2.26, and−0.24% per month for CBF,

CMRO2, and Yv, respectively. On the other hand, systemic parameters such as heart rate

did not show a significant age dependence (p = 0.47). No white-matter-hyperintensities

(WMH) were observed on the T2-weighted image at any age of the mice.

Conclusion: With age, the mouse brain revealed an increase in oxygen consumption.

This observation is consistent with previous findings in humans using a cross-sectional

design and suggests a degradation of the brain’s energy production or utilization

machinery. Cerebral perfusion remains relatively intact in aged mice, at least until 20

months of age, consistent with the absence of WMH in mice.

Keywords: aging, cerebral blood flow, cerebral metabolic rate of oxygen, longitudinal, C57BL/6
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INTRODUCTION

Characterization of neurobiological changes in the aging brain is
important in understanding brain function, neurodegeneration,
and possibly dementia (1–3). While brain anatomical and
structural measures have been studied extensively and generally
reveal degradations with age (4–8), functional and physiological
changes are more complex and have yielded more intriguing
observations (9–12). For example, many studies on human brain
aging have shown that fMRI signals in response to tasks are
paradoxically greater in old than in young participants (13–16).
Furthermore, when measuring basal brain oxygen metabolic rate
as a surrogate marker of neural activity at rest, several studies
have suggested that the brain of an older individual consumes
more oxygen (per unit volume tissue) compared to younger
individuals (10, 17). These findings have led to several interesting
hypotheses such as a compensatory increase in neural activity in
older individuals (10, 18), a diminishment of specificity in brain
activation (19), or a reduced computational efficiency in neural
circuits (20).

However, a shared limitation of these reports lies in their
cross-sectional experimental design without the tracking of same
subjects over time. There are also concerns related to potential
sampling bias, in that the older participants may represent a
group of “supernormals” who can stay healthy and participate
in research even at an advanced age. While a few other studies
have been conducted in a longitudinal fashion, the follow-up
duration was relatively short compared to the lifespan (21–23),
which may hamper their ability to estimate changes over longer
periods of time.

In preclinical studies, mouse has been a popular species
due to its genetic pliability to develop mutant strains and
availability for surgery to build disease models (24). In
particular, its proximity of genome and physiology to human
and short lifespan (1∼3 years) make it an excellent candidate
for aging investigations (25, 26). Therefore, a longitudinal
study on age-related changes in brain physiological parameters
of mice will shed new light on neurobiological alterations
in aging.

Brain relies on aerobic metabolism to provide energy for
neuronal activities (27), thus the oxygen consumption constitutes
an interesting parameter to understand the neurobiology of
the aging brain. In this study, we examined longitudinal
changes in physiological parameters of oxygen supply (i.e.,
cerebral blood flow, CBF), venous oxygenation (Yv), and
oxygen consumption (i.e., cerebral metabolic rate of oxygen,
CMRO2). These physiological parameters were evaluated with
quantitative MRI techniques in C57BL/6 mice from 3 to 20
months old at an approximately 1-month interval. To allow
the mice to survive the large number of imaging sessions,
no MRI contrast agents were used and all measures were
based on non-contrast-agent MRI sequences. In addition to the
physiological measures, T2-weighted images were also collected
for the assessment of potential white-matter hyperintensities,
which are thought to be associated with insufficient blood
supply (28).

MATERIALS AND METHODS

General
The experimental protocols involved in this study were approved
by the Johns Hopkins Medical Institution Animal Care and
Use Committee, and conducted in accordance with the National
Institutes of Health guidelines for the care and use of laboratory
animals. Five C57BL/6 mice (female, Charles River Laboratories)
were scanned longitudinally from 3 to 20 months old at an
interval of 1 month. Two of the monthly scans were not
completed due to the unavailability of scanner caused by
technical problems. Thus, 16 time points (3∼9, 11∼14, and
16∼20 months old) were collected.

One mouse was euthanized after the 16-month-old time
point for ethical reasons due to the animal’s suffering from a
rectal prolapse. Behavioral test using a Y-maze was performed
in the remaining mice at ∼20 months of age (i.e., the last time
point) to investigate the spatial memory as a representative for
cognition status at this advanced age. A spontaneous-alternating-
performance score in percent was obtained from the test (29).

MRI
All MRI experiments were performed on an 11.7T Bruker
Biospec system (Bruker, Ettlingen, Germany) equipped with
a horizontal bore and actively shielded pulsed field gradients
(maximum intensity of 0.74 T/m). Images were acquired using a
72-mm quadrature volume resonator as a transmitter and a four-
element (2 × 2) phased-array coil as a receiver. The B0 field over
the mouse brain was homogenized by a global shimming (up to
2nd order) based on a pre-acquired subject-specific field map.

Respiration rate was monitored during the experiment to

ensure the survival of the mouse. Anesthesia was administered
under following regimen: 1.5% vaporized isoflurane was used

for 15min as the induction followed by a continuous 1.0%
isoflurane for maintenance until the end of experiments; during

the experiment, the maintenance dosage would be increased

slightly to ∼1.2% in case that a mouse breathed at a rate >150
breaths per minute. At the 10th minute under 1.5% isoflurane

inhalation, the mouse was immobilized with a bite bar and

ear pins, and placed onto a water-heated animal bed with
temperature control before entering the magnet.

Each MRI session consisted of MRI measurements
detailed below.

Cerebral Venous Oxygenation (Yv)
Yv was assessed non-invasively from the confluence of sagittal

sinuses with a T2-relaxation-under-spin-tagging (TRUST)

technique, which was originally developed on human scanners
and recently optimized for animal MRI systems (30–32). In

order to visualize the confluence of sagittal sinuses, an axial

time-of-flight (TOF) sequence was first performed with the
following parameters: TR/TE = 20/2.6ms, field of view (FOV)

= 16 × 16mm, matrix size = 256 × 256, 35 axial slices, slice
thickness = 0.5mm, and scan duration = 2.2min. The TRUST
scan was then positioned based on the TOF images (31), and was

repeated three times to improve precision. The TRUST sequence
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used the following parameters: TR/TE= 3500/6.5ms, FOV= 16
× 16mm, matrix size= 128× 128, slice thickness= 0.5mm, EPI
factor = 16, inversion-slab thickness = 2.5mm, post-labeling
delay = 1000ms, eTE = 0.25, 20, 40ms, echo spacing of eTE =

5.0ms, and scan duration= 2.8 min.
Data processing of TRUSTMRIwas conducted with a custom-

written graphic-user-interface (GUI) tool built on MATLAB
(MathWorks, Natick, MA) and followed procedures detailed
previously (30, 31). Briefly, for each TRUST dataset, subtraction
between the control and labeled images was performed to obtain
difference images (Figure 1A). A region of interest (ROI) was
manually drawn on the difference image to encompass the sinus
confluence. Four voxels within the ROI with the largest difference
signals were selected for spatial averaging. Then, venous blood
signal intensities at three different eTEs were fitted into a
monoexponential function to obtain T2 (Figure 1A). Finally, T2

was converted into Yv using a T2-Yv calibration plot (Figure 1A)
reported by Li et al. (33).

Cerebral Blood Flow (CBF)
Global CBF was evaluated with phase-contrast (PC) MRI
covering four major feeding arteries (Figure 1B), i.e., left internal
carotid artery (LICA), right internal carotid artery (RICA), left
vertebral artery (LVA), and right vertebral artery (RVA), in
separate scans to collect corresponding through-plane velocity
maps (Figure 1B) (34, 35). Prior to the PC scans, we first
performed a coronal TOF angiogram (7 slices, slice thickness =
0.5mm, no inter-slice gap, TR/TE = 45/2.6ms, scan duration
= 2min) to visualize the feeding arteries. Then, a sagittal
TOF (single slice, tilted to contain the target artery identified
from coronal TOF images, thickness = 0.5mm, TR/TE =

60/2.5ms, scan duration = 0.4min) was applied to visualize
the in-plane trajectory of the target artery. PC MRI was then
positioned using both TOFs and performed using following
parameters: TR/TE = 60/3.2ms, FOV = 15 × 15mm, matrix
size = 300 × 300, slice thickness = 0.5mm, number of average
= 4, dummy scan = 8, receiver bandwidth = 100 kHz, flip
angle = 25◦, partial Fourier acquisition factor = 0.7, and scan
duration= 2.4 min.

Processing of PC dataset was performed with custom-written
MATLAB scripts (MathWorks, Natick, MA). The artery of
interest was first manually delineated on the complex-difference
image (Figure 1B), which shows an excellent contrast between
vessel and surrounding tissue. The mask was then applied to the
phase velocity map and the integration of arterial voxels yields
blood flow through that targeted artery in ml/min. Summation
of blood-flow values across the four major feeding arteries
yields total blood flow to the brain. To further account for
the brain-size differences and to obtain unit-mass CBF values,
the total blood flow was divided by the brain weight, which
was calculated as the product of brain volume and density
[1.04 g/ml (36)]. The global CBF value is written in the
unit of milliliters per 100 g brain tissue per minute (ml/100
g/min). Inter-rater reproducibility of PC MRI processing has
previously been assessed and reported an interrater correlation
of >95% (34).

Cerebral Metabolic Rate of Oxygen

(CMRO2)
CMRO2 was computed from Yv and CBF using the Fick principle
(37–39), i.e., CMRO2 = Ca · (Ya − Yv) · CBF, where Ca denotes
the molar concentration of oxygen in a unit volume of blood
and was assumed to be 882.1 µmol O2/100ml blood based
on previous literature (40, 41). Ya represents arterial oxygen
saturation fraction. Ya is generally close to unity, and is assumed
to be 0.99 in this study (42). CMRO2 is written in the unit ofµmol
oxygen per 100 g brain tissue per min (µmol O2/100 g/min).

Additional Anatomical MRI Sequence
AT2-weighted fast spin-echoMRI protocol was utilized to collect
anatomical MRI images. The imaging parameters were: TR/TE
= 4000/26ms, FOV = 15 × 15mm, matrix size = 128 × 128,
slice thickness = 0.5mm (without inter-slice gap), echo spacing
= 5ms (8 spin echoes per scan), 35 axial slices, and scan duration
= 1.1min (43, 44).

In humans, microvascular insults to the brain are often
assessed by white matter hyperintensities (WMH) on T2-
weighted images (45–47). We therefore visually inspected the
T2-weighted images to examine the potential presence of
hyperintensities. Z.W. (>5 years of experience) and J. X. (>10
years of experience) performed independent image assessments
and reached a consensus.

Additionally, the T2-weighted images were analyzedmanually
by delineating the brain boundary on a slice-by-slice basis (by
Z.W.) while referencing to a mouse brain atlas (https://atlas.
brain-map.org/). Voxels inside the masks were summed to yield
the total brain volume in mm3. The total brain volume was used
in the estimation of unit-mass CBF as described above.

Heart Rate Measurement
It is known that heart rate is inversely related to the dosage
of isoflurane anesthesia in rodents (48). We therefore utilized a
MRI sequence to perform in-scanner measurement of heart rate
during each session. The sequence acquired the center k-space
repeatedly at an interval of 8.0ms, thereby yielding a time course
of MR signal intensity, the period of which is the R-R interval
(49). Two measurements were performed in each session and the
values were averaged. This allowed us to examine whether there
is an age-dependent change in anesthesia level and how this may
affect the interpretation of the physiological data.

Statistical Analyses
All statistical analyses were performed with SPSS v23 (IBM
Corporation, Armonk, NY). A linear mixed-effect model was
utilized to analyze longitudinal measurements (i.e., Yv, CBF,
CMRO2, and heart rate), in which age was a fixed effect and
individual mouse was a random effect. An age2 term was also
tested in the model to determine any non-linear effect of age. A
p-value < 0.05 was considered significant.

RESULTS

Figure 1A shows representative data from TRUST MRI, which
consisted of control, labeled, and difference images acquired
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FIGURE 1 | Representative results of (A) TRUST and (B) PC MRI. (A) Left panel: control, labeled, and difference images from TRUST MRI obtained at different

effective TE (eTE) values. The sinus confluence is shown in red squares. Right upper panel: Blood signal in the sinus confluence as a function of eTE. Blue curve

indicates fitting results. Right lower panel: Yv-T2 calibration plot used to convert blood T2 to oxygenation (33). (B) Left panel: imaging slice locations of PC MRI

overlaid on a TOF image. Right upper panel: PC MRI imaging locations overlaid on respective sagittal TOF image. Right middle panel: complex difference (CD) images

of the four arteries. Right lower panel: velocity maps of the four arteries.

at different eTE values. Figure 1B illustrates representative PC
images. Both complex difference (CD) and velocity map images
are shown. ROIs (yellow polygons in Figure 1B) delineating the
target vessels are also displayed.

The longitudinal time course for Yv is shown in Figure 2A.
There was an age-related decrease in Yv (p = 0.002) from 3 to

20 months of age. Furthermore, the quadratic term of age was
also significant (p = 0.013), suggesting that the age-dependence
of Yv was non-linear (Yv = 0.028Age2 − 0.840Age + 88.743).
Figure 2B displays the longitudinal time courses of CBF, which
exhibited an increase with age (p = 0.017) (CBF = 1.93Age +
200.62 ml/100g/min). There was not a quadratic effect of age on
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FIGURE 2 | Longitudinal time courses of physiological parameters of Yv (A),

CBF (B), and CMRO2 (C). Error bar denotes the standard deviation across

mice (N = 5). Red line indicates the fitting curve from a mixed-effect model.

Equation shows the fixed term estimated from the mixed-effect model.

CBF measure (p = 0.64). Longitudinal time course of CMRO2

is shown in Figure 2C and exhibited an increase with age (p <

0.0001) (CMRO2 = 6.70Age + 222.81 µmol/100g/min). The
Age2 term was not significant for CMRO2 (p = 0.12). At 19 and
20 months of age, there appeared to be a decrease in CMRO2; but
these values were not significantly different from CMRO2 at 18
months of age (p= 0.11 and 0.09, respectively).

Figure 3 shows the longitudinal time course of heart rate. It
can be seen that the heart rate is within the range of 300∼400
beats per minute (bpm), which is consistent with those reported
in the literature under similar anesthetic conditions (50). There
was no significant change in heart rate with age (p= 0.47).

The Y-maze test revealed an average spontaneous-alternating-
performance score of 62 ± 20%. These scores are within
the normal range of wild-type mice (29, 51), indicating that
the utilized mice did not exhibit obvious cognitive decline
throughout the study period.

Visual inspection of T2-weighted images revealed noWMH in
the brain, even at 20 months of age (Figure 4).

DISCUSSION

To the best of our knowledge, the present work is the first
longitudinal study to characterize brain energy homeostasis
across the adult lifespan of mice. Our findings suggested that
brain perfusion and oxygen metabolic rate both increased within

FIGURE 3 | Longitudinal time course of heart rate. Error bar denotes the

standard deviation across mice (N = 5). Red line indicates the fitting curve

from a mixed-effect model.

the age range of 3 to 20 months in C57BL/6 mice, consistent
with the notion of flow-metabolism coupling (52). On the other
hand, systemic parameters such as heart rate did not show a
significant change with age. Results from the present study also
provide normative data on these important brain physiological
parameters of C57BL/6 mice, which is the most widely-used
mouse strain for developing disease models (53, 54).

Our data suggested that CMRO2, an index of the brain’s
energy budget and a surrogate marker of aggregated brain
cell activity, is in the range of 250–350 µmol/100 g/min in
mice. These values are in good agreement with reports in the
literature using 17Omagnetic resonance spectroscopy (55, 56) or
Doppler/spectroscopic OCT methods (40), and are higher than
human CMRO2 values of 120–200 µmol/min/100 g, showing
consistency with reports that mouse brain consumes more
energy (per unit volume tissue) compared to humans (57, 58).
Our longitudinal data also confirmed previous cross-sectional
observations in humans that CMRO2 does in fact increase with
age (10, 17). In terms of the reason for age-related increase
in oxygen metabolism, it could be a compensatory response
to reduced efficiency in neural computation and/or cellular
machinery of oxidative metabolism and energy production chain.
It has been reported that 24 month-old rats reveal ≥30% (59)
synapse losses in comparison with 3-month-old young controls.
Therefore, it is plausible that escalated neural computation is
needed in the presence of synaptic loss.

Quantification of CBF in mice is not trivial. The present study
revealed, for the first time, that unit-volume CBF increases with
age in mice. Compared to the literature, our CBF values of 200–
250 ml/100 g/min in mice are in good agreement with those
obtained with arterial-spin-labeling (ASL) MRI, which showed
values of∼200 ml/min/100 g for mice at 3 months of age (60, 61).
However, previous ASL studies in mice have generally failed
to observe an age effect on CBF. For example, Maier et al.
performed a longitudinal ASL study (1.5, 2.5, 5, 7, 13, and 18
months old) in mice and found that CBF was constant across
age (62). Similarly, Hirschler et al. reported in a cross-sectional
ASL study that no CBF difference was observed between mice 6
and 26 months of age (63). Note that the ASL technique relies
on the spin tagging principle to generate perfusion information
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FIGURE 4 | Longitudinal T2-weighted images in a representative mouse.

after pair-wise subtraction (64). A limitation of ASL MRI is that
the SNR of this signal is relatively low, thus it is typically used
in a lower resolution setting in humans. In the mouse brain,
spatial resolution has to be increased for delineation of structures,
which results in a further decrease in SNR in mouse ASL data.
In addition, ASL MRI also suffers from multiple confounding
factors, e.g., bolus arrival time, labelling efficiency, and vessel
contributions, in terms of its quantification. On the other hand,
PC MRI utilizes the principle that flowing spins can accumulate
a phase proportional to its velocity through the use of a pair
of bipolar gradients (65). Two separate scans with inverted
gradient polarities can be performed to cancel phases due to
spurious field inhomogeneities and thereby allows the calculation
of a flow map. The quantification of blood flow in PC is more
straightforward with fewer confounding factors. Moreover, the
coefficient of variation (CoV) of PC (5.3%) (34) was found to
be smaller than that in ASL (∼10%) (66), suggesting that PC
is more reproducible. Therefore, the present study used the PC
MRI technique to quantify global CBF, and the sequence has
been extensively characterized previously for quantitative flow
measurement (34, 67). CBFmeasurement using PCMRI presents
a new approach for hemodynamic assessment in mice.

In humans, it has been suggested that CBF decreases with age
(10, 68, 69). This decrease is thought to be attributed to increased
arterial stiffness, thickening of basement membrane, stenosis or
narrowing of vessel lumen, and development of arteriolosclerosis
(70, 71). The present observation of an age increase in CBF
of mice is apparently different from the human findings. One
possible explanation is species differences. Humans have a much
longer lifespan and thus vascular degradation may be substantial
in older individuals. In contrast, it is possible that cerebral vessels
are still in good health in aged mice. This is consistent with
the histology study where cerebral capillary density was not
significantly different between 24-month-old and 7-month-old
C57BL/6 mice (72), and the notion that aged mice rarely have
strokes (73) or WMH as shown in the present study. Therefore,
when brain metabolic rate increases with age, mouse brain is
able to garner more blood flow to meet its demand, following
the flow-metabolism coupling principle (52). It is also interesting
to compare CBF time-pattern in mice to that in humans for the
same absolute time period. Previous studies that investigated CBF
changes in neonates and young children have shown that, the
first few months of humans, CBF exhibited an increase from∼20
ml/100 g/min to ∼70 ml/100 g/min from 30 to 120 gestational
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weeks (i.e., 7 to 28 months) (74). Thus, it is plausible that CBF
can increase in the first two years of life, and this occurs in both
humans and mice.

One potential confounding factor in animal studies like ours
is the anesthetic effect on physiological parameters. In this
study, the anesthetic regimen used was the same throughout
the study period. To further confirm that the age changes
observed in this work were not attributed to variations in
anesthetic level, we measured heart rate as an index of anesthetic
depth. As shown in Figure 3, the heart rate did not reveal
a dependence on age, indicating that the anesthetic level was
not a contributor to the physiological alternations observed
in the present study. This is consistent with literature that
resting heart rate does not change with age (75). Isoflurane
is known to induce an increase in CBF and a decrease in
CMRO2 (76). Therefore, absolute values of metabolic parameters
during awake state may be different from those reported here.
Based on the relationship among CBF, CMRO2, and OEF, Yv
measured under isoflurane is expected to be greater than that
under awake state. Additionally, it should be pointed out that
different anesthetic agents may induce different physiological
alterations. For example, dexmedetomidine has been reported
to be associated with decreases in both CBF and CMRO2 (77).
Therefore, absolute values of physiological parameters under
different anesthesia are not directly comparable; however, the
age pattern is expected to be valid when a consistent anesthetic
scheme is used.

Human studies have reported that Ya is minimally affected by
age with a 1∼2% decrease across the lifespan (10). On the other
hand, noninvasive measurement of Ya in mouse is not trivial,
and the measurement error could easily exceed the systematic
error in Ya. Regarding Ca, it is related to the hemoglobin level,
which is not significantly different between young and older age
according to the literature (78). Therefore, the assumptions on
Ya and Ca are not expected to alter the major conclusions in the
current study.

Findings in current study should be interpreted in the
context of several limitations. First, brain perfusion and oxygen
consumption were measured in a global manner without
spatial information. Regional maps can further enhance our
understanding of spatial distributions of oxygen metabolism
across the brain. Second, arterial oxygenation was based on an
assumed value (99%) instead of subject-specific measurements,
e.g., with pulse oximeter. The CMRO2 estimation is thus based
upon such assumptions. However, we should point out that our
study used a longitudinal design thus inter-subject variations in
Ya should not affect our conclusion. Finally, this study has only
used female C57BL/6 mice. Thus potential sex effects on our
findings require further studies. The number of mice used in this
study was relatively small. However, we would like to point out

that, when it comes to study power, one should also consider
the number of data points from each mouse. In the present
study, each mouse underwent 16 sessions (one with 12 sessions).
Thus the total number of experimental sessions was 76, which
is considered large compared to many studies in the literature.
As a result, the statistical power of our findings was satisfactory,
with a p-value of 0.002 for Yv and <0.0001 for CMRO2. In

addition, there are limitations of using animal models to study
human conditions. In this case, the aging process in humans
is expected to be different from that in mice in many aspects
(79–81). Aged mice often do not develop neurodegeneration and
have low prevalence of cardiovascular disease, possibly due to
species differences in physiology, disparity in maximal lifespan,
diet, and environmental factors. Thus caution should be used
when generalizing these observations to other mouse strains.

CONCLUSIONS

We conducted a longitudinal assessment of brain physiological
parameters in C57BL/6 mice, and observed an age-related
increase in brain perfusion and oxygen consumption within
3 to 20 months of age. While the age increases in oxygen
metabolic parameters are consistent with findings in humans
and suggest a compensatory hypermetabolism of brain tissue, the
continuous increase in perfusion suggests that cerebrovascular
function remains relatively intact in aged C57BL/6 mice and
is consistent with an absence of WMH, in contrast to human
elderly individuals.
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Fronto-parietal regions are involved in cognitive processes that are commonly affected in

Parkinson’s disease (PD). The aims of this study were to investigate cerebral blood flow

(CBF) and gray matter (GM) volume within the regions belonging to the fronto-parietal

circuit in people with PD (pwPD) without dementia, and to assess their association

with cognitive performance. Twenty-seven pwPD without dementia (mean [SD] age =

67.4 [8.1] years, 20 males, mean [SD] Montreal Cognitive Assessment, MoCA score =

24.2 [2.9], median [IQR] Hoehn and Yahr scale = 1.5 [1–2]) and twenty-six age- and

sex-matched healthy controls (HC) were scanned with arterial spin labeling (ASL) and

T1-weighted magnetic resonance imaging (MRI) sequences to investigate CBF and GM

volume, respectively. The cognitive performance of the enrolled pwPDwas assessed with

MoCA, Trail Making Test (TMT, part A, B, B-A), phonemic fluency and semantic fluency

tests. The scores were adjusted for age and education. After standard preprocessing,

CBF differences between pwPD and HC were tested with a voxel-wise approach.

Voxel-based morphometry was used to compare pwPD and HC in terms of GM volume.

Both voxel-wise comparisons between pwPD and HC were restricted to regions of

the fronto-parietal circuit. The following additional voxel-wise analyses were performed

within regions showing either perfusion or GM volume alterations: (1) correlation with

neuropsychological test scores; (2) subgroup comparison after median split on each

neuropsychological test score. Family-wise error-corrected (FWE) p-values lower than

0.05 were considered significant. Significant hypoperfusion was identified in the left

inferior parietal lobule (IPL, ppeak = 0.037) and in the bilateral superior parietal lobule

(SPL, left hemisphere: ppeak = 0.037; right hemisphere: ppeak = 0.049) of pwPD

when compared to HC. No significant GM atrophy was observed. Local hypoperfusion

did not correlate with any neuropsychological test scores. However, significantly lower

CBF was observed in the left SPL and IPL of the pwPD subgroup who performed

poorer on TMT part A in comparison with the pwPD subgroup that performed better.

Perfusion alterations may occur in parietal regions of pwPD without dementia, and may

be associated with lower visuomotor skills. Parietal CBF may be considered as a suitable

early biomarker for longitudinal studies investigating cognitive decline in PD.

Keywords: arterial spin labeling, cerebral blood flow, graymatter, cognitive decline, Parkinson’s disease, magnetic

resonance imaging
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INTRODUCTION

Parkinson’s disease (PD) is a neurological disorder that is
prominently characterized by motor symptoms, including
bradykinesia, rigidity, resting tremor and gait disturbance (1).
Besides these hallmarks, cognitive deficits have been identified
as an important non-motor manifestation of the disease (2).
Cognitive decline typically occurs gradually, after a period of
pure motor symptoms (3). Specifically, executive dysfunction
may occur in the milder stages of PD, while global dementia can
develop as the disease progresses (4).

Alterations in the neural circuits including subcortical
structures and frontal and parietal cortices are thought to
be associated with PD cognitive deficits (5). Two profiles of
neuropsychological deficit were proposed in PD: working
memory and executive function deficits, reflecting fronto-striatal
dysfunction, and visuospatial function and semantic fluency
impairment, indicative of posterior cortical dysfunction (6).
Reduced dopamine uptake in the caudate was observed in
persons with PD (pwPD) presenting with executive dysfunctions
(7), and bilateral caudate involvement was associated with
increased risk of developing cognitive impairment (8). In
addition, lower functional connectivity in the fronto-parietal
network was reported to be associated with mild cognitive
impairment (MCI) in pwPD (9). Significantly reduced
regional cerebral blood flow (rCBF) in frontal and parietal
cortices was detected with single photon emission computed
tomography (SPECT) in demented pwPD (10). Furthermore,
fluorodeoxyglucose (FDG) positron-emission tomography (PET)
studies showed an association between reduced metabolism in
prefrontal and parietal cortex and cognitive impairment in PD
(11), and a declining metabolism in these brain areas as the
disease progresses (12). Besides metabolic deficits, brain atrophy
is the most commonly documented imaging correlate of PD with
established dementia (13). Gray matter (GM) volume loss in
cognitively impaired pwPD was observed in widespread cortical
and subcortical structures involved in cognitive functions (3).

Despite the consistent evidence of structural, functional,
and metabolic alterations throughout the brain in demented
pwPD, it remains unclear whether some changes are present
even in absence of frank cognitive deficits and whether some
imaging biomarkers can predict cognitive decline in PD. Several
studies reported no cortical structural alterations in cognitively
preserved pwPD, making GM volume loss less obvious as a
prodromal biomarker for cognitive decline in PD. Nevertheless,
FDG cortical hypometabolism was reported even in non-
demented pwPD, and parietal metabolism was suggested as a
risk factor for cognitive decline (14, 15). In addition, arterial
spin labeling (ASL) magnetic resonance imaging (MRI) revealed
reduced perfusion in a group of pwPD without dementia (16),
and Montreal Cognitive Assessment (MoCA) score was reported
as a significant predictor of ASL-derived hypoperfusion in
posterior parieto-occipital regions, middle, and superior frontal
gyri dorsolateral prefrontal cortex and pre- and post-central gyri
in pwPD (17).

ASL is an MRI technique that quantitatively assesses brain
perfusion in terms of cerebral blood flow (CBF). Due to the

neurovascular coupling, CBF varies in proportion to the local
energy consumption and the metabolic needs of the brain (18).
For this reason, ASL was suggested as a proxy technique to
investigate the patterns of metabolic alterations (19). Compared
to FDG PET, ASL has the advantage of not requiring any
injection of radiotracers or exogenous contrast agents, making
its acquisition more acceptable (20). ASL studies have found
evidence of hypoperfusion patterns that mirror those seen with
FDG PET in Alzheimer’s disease and fronto-temporal dementia
(19, 21, 22). Conversely, patterns of ASL-derived hypoperfusion
have not yet been confirmed as a valuable biomarker for the risk
of developing cognitive impairment in PD.

Our objective was first to assess CBF within the caudate
nucleus and fronto-parietal brain regions in a group of non-
demented pwPD using ASL MRI, to test whether perfusion
is altered in these areas in PD in absence of frank cognitive
impairment. Second, we aimed to evaluate GM volume in the
same regions and to assess if hypoperfusion is also reflected
by atrophy. Finally, this study aimed to test if either CBF
or GM volume alterations are associated with the cognitive
performance, to probe ASL and structural MRI as possible
prodromal biomarkers for cognitive decline in PD.

MATERIALS AND METHODS

Participants
Fifty-three subjects [27 pwPD and 26 healthy controls (HC)]
participated in this study. PwPD were recruited from the
Neurorehabilitation Unit of the IRCCS Fondazione don Carlo
Gnocchi in Milan, Italy, while most of HC were volunteers and
personnel from our Institute. Being left-handed or presenting
with neurological diseases other than PD, psychiatric disorders,
cardiovascular and/or metabolic diseases were considered as
exclusion criteria for this study. Inclusion criteria for the pwPD
participating in the study were: (1) diagnosis of probable PD,
according to the Movement Disorder Society (MDS) Clinical
Diagnostic Criteria for PD; (23) (2) positive DaT scan; 3) mild
to moderate stages of the disease (Modified Hoehn and Yahr-
H&Y<3); (23) (4) time spent with dyskinesias assessed with
the MDS-sponsored revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS), part IV lower than 2; (23) (5) stable
dopaminergic therapy for at least 3 months; 6) MoCA score
adjusted according to Santangelo et al. (24) higher than 15.5.

All the enrolled pwPD underwent a clinical evaluation by
an experienced neurologist, who assessed the severity of motor
symptoms with the H&Y Scale (25) and the MDS-UPDRS
part III (23). The global cognitive performances of pwPD
who participated in the study were assessed by experienced
neuropsychologists. Specifically, the cognitive assessment
included MoCA, Trail Making Test (TMT, part A, B, B-A),
phonemic fluency and semantic fluency tests. The scores of
neuropsychological tests were adjusted for age and education
(24, 26–28). The levodopa equivalent daily dose (LEDD) was
computed for all the pwPD (29).

Body mass index (BMI) was recorded for all the participants.
The study was approved by the Ethics Committee

of IRCCS Fondazione don Carlo Gnocchi and it was
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performed in accordance with the principles of the Helsinki
Declaration. Written and informed consent was provided by all
the participants.

MRI Acquisition
All scans were acquired on the same 1.5T Siemens Magnetom
Avanto scanner, with a 12-channel head coil. Each participant
was scanned according to the following MRI protocol: (1) dual-
echo turbo spin echo proton density PD/T2-weighted sequence
[repetition time (TR) = 5,550ms, echo time (TE) = 23/103ms,
matrix size = 320 × 320 × 45, resolution 0.8 × 0.8 × 3 mm3];
(2) 3D high-resolution magnetization-prepared rapid acquisition
with gradient echo (MPRAGE) sequence (TR = 1,900ms, TE
= 3.37ms, TI = 1,100ms, matrix size = 192 × 256 × 176,
resolution 1× 1× 1mm3); (3) 2DT1-weighted sequence (TR/TE
= 393/12ms, matrix size = 128 × 128 × 26, resolution = 1.7 ×
1.7 × 5 mm3); (4) multi-delay pseudo-continuous ASL (pCASL)
sequence with background suppressed 3D gradient and spin
echo (GRASE) readout (30) (TR/TE = 3500/22.58ms, labeling
duration = 1500ms, 5 post-labeling delays (PLD) = [700, 1200,
1700, 2200, 2700] ms, 12 pairs of tag/control images for each
delay, matrix size = 64 × 64 × 32, resolution = 3.5 × 3.5 × 5
mm3, distance between the center of imaging slices and labeling
plane of 90mm; 3 M0 images acquired with TR= 5,000 ms).

MRI Processing
All the MRI processing was performed with FMRIB’s
Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl), unless
otherwise specified.

White matter (WM) T2-hyperintensities were segmented
on the PD/T2-weighted images by an experienced operator
with Jim 6.0 software package (http://www.xinapse.com/). The
T2-hyperintensity masks were registered to the respective
MPRAGE T1-weighted image with Advanced Normalization
Tools (ANTs—http://stnava.github.io/ANTs). The registered
masks were thresholded at 0.5 and binarized.

N3 bias field correction was applied toMPRAGE T1-weighted
images, then lesion filling tool was used to correct for WM T1-
hypointensities concurrent to the T2-hyperintensities (31). Brain
extraction was performed (32) and SIENAX software tool was
used to derive WM, GM, and cerebrospinal fluid (CSF) masks
for each subject (33).

Partial volume GM maps were non-linearly registered to
Montreal Neurological Institute (MNI) standard space with
ANTs (http://stnava.github.io/ANTs). The Jacobian determinant
image of the transformation was derived with ANTs (http://
stnava.github.io/ANTs). Each registered GMmap was multiplied
by the respective Jacobian determinant image, and then
smoothed with a Gaussian kernel (sigma= 3 mm).

ASL data were realigned with ANTs (http://stnava.github.io/
ANTs) to correct for movements. Once realigned, the 12 pairs
of tag/control images for each delay were averaged, and the
tag images were subtracted by the respective control ones. The
obtained perfusion-weighted images were used to compute the
CBFmap with oxford_asl tool (34) (tissue T1= 1.2 s, T1 of blood
= 1.36 s, tagging efficiency = 0.8) (30, 35). CSF magnetization
was estimated from the M0 image and CBF maps were calibrated

accordingly, with asl_calib tool (34). Partial volume effect (PVE)
correction was performed, assuming a perfusion ratio between
GM and WM of 2.5, as described in Marshall et al. (36) and
Pelizzari et al. (37). GM CBF maps were registered to MNI
standard space with ANTs (http://stnava.github.io/ANTs), by
applying a concatenation of transformations, as follows: (1)
linear, from ASL space to the respective 2D T1-weighted image
(presenting with the same slice thickness of ASL data); (2) linear,
from 2D T1-weighted image to the respective MPRAGE; (3)
non-linear, from MPRAGE to MNI standard space.

Statistical Analysis
The assumption of normality of data distribution was tested
with Shapiro-Wilk test. Parametric or non-parametric statistics
were used, as appropriate. Demographic characteristics were
compared between pwPD and HC groups.

Voxel-wise comparisons between pwPD and HC in terms
of both CBF and GM volume were performed with randomize
tool (5,000 permutations, cluster detection with threshold-free
cluster enhancement) (38). Age was included as a covariate in
both the general linear models (GLM). Given that the Jacobian
determinants derived with ANTs include the linear registration
component, voxel-based morphometry (VBM) analyses were
controlled also for the scaling factor derived with SIENAX (33).
Both CBF and GM volume voxel-wise comparisons between
pwPD and HC were restricted to specific ROIs. The region of
interest (ROI) mask used for this study included the caudate
nucleus [defined according to the Harvard-Oxford subcortical
structural atlas (39)], Brodmann area (BA) 9, BA 10, and BA 46
[defined according to the Sallet’s dorsal frontal parcellation atlas
(40), thr = 50%], superior parietal lobule (SPL) regions [defined
and labeled according to the Mars’ parietal cortex atlas (41),
thr = 75%] and inferior parietal lobule (IPL) regions [defined
and labeled according to the Mars’ parietal cortex atlas (41),
thr= 75%].

If either perfusion or GM volume alterations were detected
in pwPD with respect to HC, voxel-wise correlations between
neuropsychological test scores (NPS) and either CBF or GM
volume were assessed in pwPD with randomize tool (5,000
permutations, threshold-free cluster enhancement for cluster
detection) (38), to assess if the observed MRI alterations were
mirrored by the cognitive performance. NPS-CBF and NPS-GM
volume voxel-wise correlations were restricted to the regions
showing either perfusion or GM volume alterations, respectively.
A specific GLMwas defined for each neuropsychological test (i.e.,
MoCA, TMT part A, TMT part B, TMT part B-A, phonemic
fluency and semantic fluency); scores adjusted for age and
education were used.

In order to further assess the association between cognitive
performance and either CBF or GM volume alterations, pwPD
were split into two subgroups according to the median score
at each neuropsychological test (i.e., median split in the pwPD
group). CBF within areas of hypoperfusion and GM volume
within atrophic regions, if any, were compared between each pair
of pwPD subgroups with randomize tool (5,000 permutations,
cluster detection with threshold-free cluster enhancement) (38).
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TABLE 1 | Demographic and clinical characteristics of the recruited pwPD and

HC groups.

pwPD

(n = 27)

HC

(n = 26)

pwPD

vs. HC

p-value

Males, n (%) 20 (74) 17 (65) 0.491a

Age in yrs, mean (SD) 67.4 (8.1) 66.1 (7.5) 0.527b

BMI, mean (SD) 25.3 (2.6) 24.2 (3.6) 0.118b

HandY, median (IQR) 1.5 (1–2) - -

MDS-UPDRS III, mean (SD) 19.7 (12.1) - -

Disease duration in yrs, median

(IQR)

3 (2–5) - -

Clinical onset laterality, left n (%) 12 (44.4) - -

Onset symptoms - -

Tremor, n (%) 12 (44.4)

Bradykinesia, n (%) 7 (25.9)

Motor deficits, n (%) 5 (18.5)

Others, n (%) 3 (11.1)

LEDD, mean (SD) 209.5 (128.6) - -

Education in years, median (IQR) 13 (8–17) - -

Mean and SD were reported in case of normal distribution, while median and IQR were

reported in case of non-normal distribution.

BMI, body mass index; HC, healthy controls; HandY, Modified Hoehn and Yahr; IQR,

interquartile range; LEDD, Levodopa daily dose equivalent; MDS-UPDRS, Movement

Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale; n,

number; pwPD, persons with Parkinson’s disease; SD, standard deviation; yrs-years.

Chi-squared test aand independent samples Student’s t-test bwere used to evaluate

differences between pwPD and HC groups, as appropriate. P-values lower than 0.05

were considered significant.

The results of all the voxel-wise analyses were Family-Wise
Error (FWE) corrected to account for multiple comparisons
(38, 42). FWE-corrected p-values lower that 0.05 were considered
significant. Significant clusters in the cortex were mapped
according to Sallet’s dorsal frontal parcellation atlas (40) and
Mars’s parietal cortex atlas (41).

RESULTS

Demographic and Clinical Characteristics
of the Participants
Demographic and clinical information of pwPD and HC groups
are reported in Table 1. The groups were age-matched (mean age
[SD] = 67.4 [8.1] years vs. 66.1 [7.5] years for pwPD and HC
respectively, p = 0.527) and sex-matched (20 males vs. 17 males
in pwPD and HC groups respectively, p = 0.491). Although the
pwPD group presented with a mean BMI within the overweight
range, no differences in terms of BMI were found between pwPD
and HC groups (mean BMI [SD] = 25.3 [2.6] vs. 24.2 [3.6], in
pwPD and HC respectively, p = 0.118). The recruited pwPD
presented with a median (IQR) H&Y of 1.5 (1–2) and mean
(SD) MDS-UPDRS III score of 19.7 (12.1). The score from the
neuropsychological examination of pwPD, adjusted for age and
education, are shown in Table 2. The pwPD had a mean (SD)
MoCA score adjusted for age and education of 24.2 (2.9). For
the TMT, the pwPD performed as follows: median (IQR) TMT

TABLE 2 | Neuropsychological test scores of the pwPD group.

pwPD Cut-off defining

(n = 27) pathological condition

MoCA, mean (SD) 24.2 (2.9) 15.5 (≤)

TMT part A, median (IQR) 42 (30–56) 94 (≥)

TMT part B, median (IQR) 73 (58–139) 283 (≥)

TMT part B-A, median (IQR) 40 (18–68) 187 (≥)

Phonemic fluency, mean (SD) 35.4 (9.5) 17.35 (≤)

Semantic fluency, mean (SD) 42.9 (8.5) 25 (≤)

Reported scores have been adjusted for age and education. Mean and SD were reported

in case of normal distribution, while median and IQR were reported in case of non-normal

distribution. The respective pathological cut-off scores are also shown.

IQR, interquartile range; MoCA, Montreal Cognitive Assessment; n, number; pwPD,

persons with Parkinson’s disease; SD, standard deviation; TMT, Trail Making

Test; yrs-years.

MoCA scores were adjusted according to Santangelo et al. (24), TMT according to

Giovagnoli et al. (28), phonological fluency according to Carlesimo et al. (27) and semantic

fluency according to Novelli (26). The respective cut-off scores for pathological condition

are reported.

A score of 42 (30–56), median (IQR) TMT B score of 73 (58–
139), andmedian (IQR) TMTB-A score of 40 (18–68). The pwPD
mean (SD) phonemic and semantic fluency scores at were 35.4
(9.5) and 42.9 (8.5), respectively.

CBF and GM Volume Comparison Between
pwPD and HC
Significantly lower CBF in pwPD with respect to HC was found
within the SPL bilaterally and in the left IPL (Figure 1, in
red). Specifically, hypoperfusion was present within the following
clusters defined in the Mars’s parietal cortex atlas: (41) left SPL C
(16 mm3, ppeak = 0.049), right SPL C (64 mm3, ppeak = 0.049),

left SPL D (896 mm3, ppeak = 0.037), left SPL E (936 mm3, ppeak
= 0.038), left IPL D (552 mm3, ppeak = 0.037) and left IPL E (816

mm3, ppeak = 0.037) (Table 3).
No significant GM volume differences were detected between

pwPD and HC.

Association With Neuropsychological Test
Scores
No significant correlation between the local CBF and the
neuropsychological test scores was found within the regions of
hypoperfusion. Significantly lower CBF in the left SPL and IPL
was found for the subgroup of pwPD who performed poorer
on TMT part A (i.e., higher TMT A score) with respect to the
pwPD subgroup that performed better (Figure 2). Specifically,
according to the Mars’ parietal cortex atlas (41), the areas of
significant difference were located within left SPLC (8mm3, ppeak
= 0.049), left SPL D (808 mm3, ppeak = 0.037), left SPL E (912

mm3, ppeak = 0.038), left IPL D (544 mm3, ppeak = 0.037) and

left IPL E (640 mm3, ppeak = 0.035). The two pwPD subgroups
obtained from the median split on TMT A score were matched
for age (p = 0.239), sex (p = 0.546), H&Y (p = 0.981), MDS-
UPDRS III (p = 0.720), LEDD (p = 0.519), MoCA (p = 0.720),
phonemic fluency (p = 0.259), semantic fluency (p = 0.583)
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FIGURE 1 | CBF comparison between pwPD and HC. The areas showing significantly lower CBF (pFWE < 0.05) in pwPD with respect to HC are represented in MNI

standard space (in red, A,B). The comparison of mean CBF within these areas between pwPD and HC is shown in (C). CBF, cerebral blood flow; FEW, family wise

error; HC, healthy controls; pwPD, people with Parkinson’s disease.

while presenting significant differences in terms of TMT B score
(p = 0.006, with the subgroup performing poorer on TMT A
performing poorer also to TMT B).

No significant CBF differences were observed when splitting
the recruited pwPD group into subgroups according to the other
neuropsychological test scores.

DISCUSSION

In the current study, CBF and GM volume were assessed
with a voxel-wise approach in a group of early PD patients
without dementia, focusing on the brain regions belonging to
the visuospatial and executive systems, that are known to be
affected in PD. The presence of parietal hypoperfusion in absence
of parietal GM atrophy and its association with the TMT A score
are the main findings that were observed.

Although the majority of PD studies that have previously
detected parietal hypoperfusion or hypometabolism included
cognitively impaired cohort of subjects (11, 15, 43–45), few
works reported alterations in SPL (14, 16) and IPL (14,
46) even in absence of frank cognitive impairment. Cortical
hypometabolism was detected in the posterior parietal cortex of
non-demented PD patients with both phosphorus-31 magnetic
resonance spectroscopy and FDG-PET (14). More recently
Gonzalez-Redondo and colleagues showed small cortical areas
of hypometabolism, including the angular gyrus, in cognitively
normal pwPD (46). This result is in agreement with the
hypoperfusion that we observed in left IPL D and IPL E

in our pwPD cohort. The same PET-based study assessed
brain metabolism also in MCI-pwPD and demented pwPD,
and revealed hypometabolism in more extended brain areas in
these two groups of subjects in comparison with the group of
cognitively normal PD patients (46). Declining metabolic activity
in the parietal cortex was further reported in a 2-year longitudinal
PET study assessing an early stage PD cohort of subjects (12),
indicating that reduced metabolism is a relatively early PD
feature that gradually evolves as the disease progresses. Despite
the several PET-based evidences of parietal hypometabolism in
PD, ASL failed in consistently showing parietal hypoperfusion
in early PD as of yet. However, CBF patterns were proposed as
an accessible method to characterize and track progression of
both motor and cognitive status in PD (17). Parietal perfusion
changes may be subtle at the early stage of the disease, when
dementia is not commonly established yet. However, focusing
the analysis on specific ROIs that are known to be involved
in cognitive processes typically altered in PD may increase the
statistical power and may help to detect early perfusion changes
occurring in pwPD in these areas. Due to the tight coupling of
perfusion and metabolism in the brain, ASL has already been
proposed as a non-invasive alternative to FDG-PET to assess
metabolic abnormalities during cognitive decline in Alzheimer’s
disease (19). Our results support the assumption that this MRI
techniquemight be useful to investigate the signature of cognitive
impairment even in PD (17).

Interestingly, perfusion changes that were found in the pwPD
enrolled in this study were not owing to parietal GM volume
loss. This suggests that hypoperfusion in these regions may
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TABLE 3 | Classification of areas of significant hypoperfusion in pwPD group with respect to HC according to Mars’ parietal atlas (41) and Sallet’s dorsal-frontal atlas (40).

ROI Associated functions Left

mm3 (ppeak)

Right

mm3 (ppeak)

CN Involved in procedural and associative learning, inhibitory control - -

BA 9 Involved in attention, working memory and motor planning - -

BA 10 Involved in working memory and multiple-task coordination - -

BA 46 Involved in attention and working memory - -

SPL A Involved in motion processing using visual, tactile and auditory stimuli - -

SPL B Involved in reaching movements and adjustments when following a moving

target

- -

SPL C Involved in visually guided hand movements and adjustments when

intentions are updated

16 (0.049) 64 (0.049)

SPL D Involved in mechanisms of attention or task-switching related to the

execution of manual responses

896 (0.037) -

SPL E Involved in the allocation of visual attention and in memorizing targets for

intended eye movements

936 (0.038) -

IPL A Involved in tool use - -

IPL B Involved in object manipulation - -

IPL C Involved in exploratory decisions and changes of response strategy - -

IPL D Involved in reorienting of attention and reorienting of saccades (anterior part

of the angular gyrus)

552 (0.037) -

IPL E Involved in recognition memory (posterior part of the angular gyrus) 816 (0.037) -

The cluster dimension in mm3 and the most significant FWE-corrected p-value within the cluster (ppeak ) are reported.

BA, Brodmann area; CN, Caudate Nucleus; FWE, family wise error; HC, healthy controls; IPL, inferior parietal lobule; pwPD, people with Parkinson’s disease; ROI, region of interest;

SPL, superior parietal lobule.

precede atrophy and exacerbate the neurodegenerative process
by promoting oxidative stress and neuronal energy crisis (47).
A previous cross-sectional study investigating both metabolism
and atrophy in cognitively impaired and cognitively preserved
pwPD concluded that hypometabolismmay precede GM volume
loss and may be progressively replaced by atrophy during
cognitive worsening (46). The greater ability of FDG-PET to
reveal significant PD-related alterations compared to MRI-VBM
is in line with this hypothesis (45). Parietal GM atrophy may be
a feature that is mainly associated with late stage of PD, when
cognitive impairment is already established. Since functional
changes seem to be already present (48) and more relevant than
cortical atrophy in early PD (49), GM volume in these ROIs
might not be the best option as a prodromal marker for PD itself
and for the risk of developing PD-related dementia.

In the current study perfusion and GM volume were
investigated specifically in the fronto-parietal circuit, known to be
associated with cognitive impairment in PD (11). The prefrontal
cortex is critical for many high-level cognitive abilities, including
executive functions, while the parietal cortex is involved in lower
level functions. Specifically, the SPL is commonly activated by
visuomotor tasks requiring shifting spatial attention, engaging
spatial working memory, reaching a visual target or making

saccadic eye movements (50), whereas the IPL is critical
for stimulus-driven reorienting of attention, self-perception,
introspection and memory (51). In this framework, the here
reported association between the TMT A score and CBF in some
regions of the SPL and IPL of pwPD is noteworthy. Although
no significant correlation was observed between the TMT A
score and CBF locally, the subgroup of pwPD that performed
poorer on TMT A showed lower CBF compared to the other
subgroup. A similar finding was reported in a SPECT-based
perfusion study in Alzheimer’s disease (52). Specifically, lower
SPL perfusion levels were found in Alzheimer’s disease patients
with poorer performance on TMT A in comparison with the
subgroup performing better on the test (52), suggesting that
functional activity in SPL is highly associated with performance
at TMT A. TMT A primarily tests visual-perceptive skills and
graphomotor speed. It is thus not surprising that the main SPL
and IPL clusters showing lower CBF associated with poorer
TMT A performance are specifically involved in allocation of
visual attention, reorienting of saccades, memorizing targets
for intended eye movements and attention-switching related to
the execution of manual responses. As lower parietal CBF was
associated with poorer TMT-A performance, parietal CBF may
be an early MRI marker for cognitive decline in PD.
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FIGURE 2 | CBF comparison between pwPD with a TMT A score below the median TMT A value (PD s1 subgroup) and pwPD with a TMT A score over the median

TMT A value (PD s2 subgroup). Areas showing significantly lower CBF (pFWE < 0.05) in PD s2 subgroup are represented in MNI standard space (in green, A). The

comparison of TMT A scores and mean CBF within these areas between the two pwPD subgroups are shown in the boxblots in (B,C), respectively.

Neither GM volume nor perfusion alterations were observed
in the caudate nucleus and in the prefrontal cortex of the
enrolled group of pwPD. Parietal CBF alterations may precede
gross caudate denervation and changes in the prefrontal cortex,
and may be an earlier predictor of cognitive decline. Although
PD pathophysiology is characterized by striatal dopaminergic
denervation, caudate dysfunction is generally observed in pwPD
at advanced stages (53). In an FDG-PET study comparing
brain metabolism of cognitively preserved pwPD, MCI-pwPD
and demented pwPD with HC, caudate hypometabolism was
observed only in the group of demented pwPD (46), indicating
that metabolic changes in this region unlikely occur prior
to the onset of cognition-related functional decline. Similar
considerations can be made about our findings within the
prefrontal ROIs. Frontal hypoperfusion and hypometabolism
were observed in pwPD presenting with established dementia.
GM atrophy in these areas was also reported (54, 55). Our
findings of no perfusion and GM changes in the caudate and
in the prefrontal ROIs could suggest that the dopaminergic
pathways that project from the substantia nigra into BA 9, 10, and
46, passing through the caudate, may be still relatively spared in
our patient sample.

The main limitation of this study is the relatively limited
neuropsychological evaluation of pwPD. Assessing the cognitive
performance with scales that are validated for use in PD
(56) is warranted to detect possible MCI and to clarify the
role of CBF as a predictor of cognitive decline in pwPD.

Furthermore, weaknesses of the study include the relatively
limited sample size and the heterogeneity of the pwPD group.
Different clinical phenotype and laterality onset were suggested
to influence the disease severity and its patterns of progression
(57, 58). Therefore, these aspects should be considered as
confounding factors in future analysis performed in larger groups
of subjects. Finally, this study is cross-sectional in nature. A
longitudinal study would allow to better understand the link
between perfusion alterations and cognitive decline. In addition,
extending the analysis to other subcortical brain areas that are
known to be associated with PD (e.g., putamen, globus pallidus,
thalamus) is warranted.

In conclusion, our findings suggest that ASL MRI may
be sensitive to parietal changes associated with cognitive
decline in PD, even in absence of concurrent established GM
atrophy. Reduced perfusion in the parietal cortex may be
associated with the risk of developing cognitive impairment,
but longitudinal studies in a larger cohort of pwPD are needed
to confirm this hypothesis. Knowledge of the risk of cognitive
decline, particularly at early phases of the disease, is crucial to
define prompt pharmacological and rehabilitation treatments.
Since engaging in physical activity and cognitive activities
were proposed as strategies to attenuate neurodegeneration
by promoting neurovascular health and brain plasticity (59),
investigating the impact of multi-factorial rehabilitation on
parietal CBF in early pwPD would be a further interesting
future development.
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Background: Reports suggest presence of cerebral hypoperfusion in multiple sclerosis

(MS). Currently there are no studies that examine if the cerebral MS perfusion is affected

by presence of cardiovascular comorbidities.

Objective: To investigate associations between cerebral perfusion and disease

outcomes in MS patients with and without comorbid cardiovascular diseases (CVD).

Materials: One hundred three MS patients (75.7% female) with average age of 54.4

years and 21.1 years of disease duration underwent 3T MRI dynamic susceptibility

contrast (DSC) imaging and were tested with Expanded Disability Status Scale, Multiple

Sclerosis Severity Score (MSSS), Timed 25-Foot Walk (T25FW), 9-Hole Peg Test (9HPT)

and Symbol Digit Modalities Test (SDMT). Structural and perfusion-based normalized

measures of cerebral blood flow (nCBF), cerebral blood volume (nCBV) and mean transit

time (MTT) of global, tissue-specific and deep gray matter (DGM) areas were derived.

CBV and CBF were normalized by the normal-appearing white matter counterpart.

Results: In linear step-wise regression analysis, age- and sex-adjusted, MSSS

(R2 = 0.186) was associated with whole brain volume (WBV) (β = −0.244, p = 0.046)

and gray matter (GM) nCBF (β =−0.22, p= 0.035). T25FW (R2 = 0.278) was associated

with WBV (β = −0.289, p = 0.012) and hippocampus nCBV (β = −0.225, p = 0.03).

9HPT (R2 = 0.401) was associated with WBV (β = 0.195, p = 0.049) and thalamus MTT

(β = −0.198, p=0.032). After adjustment for years of education, SDMT (R2 = 0.412)

was explained by T2-lesion volume (β = −0.305, p = 0.001), and GM nCBV (β = 0.236,
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p = 0.013). No differences in MTT, nCBF nor nCBV measures between patients with (n

= 42) and without CVD (n = 61) were found. Perfusion-measures were also not able to

distinguish CVD status in a logistic regression model.

Conclusion: Decreased GM and deep GM perfusion is associated with poorer MS

outcomes, but not with presence of CVD.

Keywords: MS, cerebral arterial blood flow, cognition, cardiovascular disease, hypertension, hyperlipidemia, heart

disease, perfusion

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory and
demyelinating autoimmune disease of the central nervous
system (CNS), characterized by episodes of neurological
worsening, followed by either complete or partial restoration
and concurrent neurodegeneration (1). Furthermore, varying
proportion MS patients (from 35% in relapsing-remitting,
up to 60% in secondary progressive MS) exhibit a significant
cognitive impairment, particularly within the domain of
cognitive processing speed (2). New and improved disease
modifying treatments (DMTs) and greater access to specialized
MS healthcare have led to a substantial increase in overall
MS prevalence, as a result of decreased mortality rate
while maintaining steady incidence rate (3). With an aging
MS population, clinicians and researchers alike have raised
concerns regarding an increased risk and frequency of vascular
comorbidities like myocardial infarction, stroke, hypertension,
heart failure, and abnormal lipid profiles when compared to
healthy controls (4). Presence of these pathological vascular

abnormalities have the potential to decrease overall quality of
life, worsen cerebral perfusion and may additionally contribute
to greater disease progression (5). Furthermore, patients affected

by cerebrovascular diseases are associated with worse cognitive
performance and MRI-derived MS outcomes (5).

To assess changes in cerebral perfusion and its implications

on pathological MS processes, multiple studies have used various
MRI methods including dynamic susceptibility contrast (DSC),

dynamic contrast-enhanced (DCE) and arterial spin labeling
(ASL) perfusion-weighted imaging (PWI) (6). As such, these
methods can provide valuable quantitative measures like total
cerebral blood volume (CBV) and cerebral blood flow (CBF)
(6). The processes of MS lesion formation and repair are
dependent on continues influx of inflammatory cells, successful

debridement, and delivery of oxygenated blood. A large
perfusion-based study showed discrepancies between greater
lesion formation occurring in highly perfused white matter
(WM) compared to greater accumulation of chronic MS lesion
in physiologically hypoperfused areas (7). Moreover, perfusion
measures are able to expose previously undetected widespread
changes in the otherwise normal-appearing brain tissue and
supplement the classically monitored MS lesions. In similar
manner, hypoperfusion of the thalamus, a deep gray matter

(DGM) region highly implicated in MS, has been associated

with worse disability and composite clinical scores (8). Lastly,
MS patients with cognitive impairment demonstrate greater

cortical perfusion deficits despite any evidence of structural
abnormalities or significant brain atrophy (9). The changes in
DSC and ASL-based perfusion measures within the cortical and
DGM inMS patients and their association with clinical outcomes
have been recently reviewed elsewhere (6). These findings were
supplemented by a study showing associations of decreased
total cerebral extracranial blood inflow and lower cognitive
performance (10). However, no MS studies have previously
investigated changes in cerebral perfusion in regards to presence
of comorbid cardiovascular diseases (CVD).

Based on this background, we hypothesized that presence of
cerebral perfusion abnormalities within the GM are associated
with MS-specific clinical and cognitive performance of a large
sample of heterogeneous MS population, and that perfusion
measures are associated with presence of CVD.

MATERIALS AND METHODS

Study Population
Patients were recruited within a larger, prospective, longitudinal
study that aimed to determine association between MRI and
cardiovascular, genetic and environmental characteristics of MS
patients (CEG-MS) (11, 12). The inclusion criteria for the MS
patients were: (1) age between 18 and 75 years old, (2) being
diagnosed with MS per 2010-revised McDonald criteria (13) or
being clinically isolated syndrome (CIS) patients, (3) have MRI
examination within 30 days of the clinical visit, (4) presence of
PWI-based sequences in the MRI protocol, (5) availability of
cognitive testing. Contrarily, MS patients were excluded if: (1)
having clinically-defined relapse or have received intravenous
corticosteroids within 30 days of the MRI examination,
(2) pregnant or nursing mother, (3) having anatomical
extracranial or intracranial vascular malformation like Parkes-
Weber, Servelle-Martorell, Klippel-Trenaunay-Weber, or Budd-
Chiari syndromes, (4) major depressive disorder or any other
psychiatric comorbidities that can potentially influence cognitive
performance and (5) presence of other major neurological
disorders. An experienced neurologist examined theMS patients.
Expanded Disability Status Scale (EDSS) and Multiple Sclerosis
Severity Score (MSSS) were used to characterize disability levels
(14, 15). Furthermore, timed 25-foot walk (T25FW) and 9-
hole peg test (9HPT) were additionally administered (16, 17).
Longer test times indicate worse walking and hand function,
respectively. Symbol Digit Modalities Test (SDMT) determined
cognitive processing speed performance, where higher raw
scores indicated better performance (18). The MS phenotypes of
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relapsing-remitting MS (RRMS) and progressive MS (PMS) were
determined based on medical history and clinical presentation
as per 2013 Lublin criteria (19). Clinical information regarding
disease duration, 5-year relapse rate, presence of CVD was
collected by structured in-person questionnaire and further
corroborated with electronic medical records, as previously
reported (5, 10, 20). Diagnosis of heart disease, hypertension,
diabetes, and hyperlipidemia and body-mass-index (BMI) were
assessed. BMI ≥30 was considered as obesity. Lastly, the use
of disease modifying treatment (DMT) was determined and
categorized. All participants signed written consent form and
local Institutional Review Board (IRB) approved the study.

MRI Acquisition and Analysis
The MS patients underwent an MRI examination on a 3T
Signa Excite HD 12 Twin-Speed scanner (GE, Milwaukee,
WI, USA) equipped with 8-channel head and neck coil.
Sequences/acquisitions used in this analysis included: (1) 3D
spoiled-gradient recalled (SPGR) high-resolution T1w(weighted)
sequence with echo time(TE)/inversion time(IR)/repetition
time(TR) of 2.8/900/5.9ms, flip angle (FLIP) of 10 degrees,
voxel size of 1 × 1 × 1 mm3 and no gaps, (2) Fluid
attenuated inversion recovery (FLAIR) sequence with TE/IR/TR
of 120/2,100/8,500ms, FLIP = 90 degrees and same voxel size
of 1 × 1 × 1 mm3 with no gap, (3) Dynamic susceptibility
contrast (DSC) was acquired with a single-shot echo-planar
imaging sequence with TR/TE of 2,275/45ms, FLIP= 90 degrees,
echo train length = 1, bandwidth = 250 kHz, 1 × 1 × 4 mm3

without gap which was acquired during and after injection of
during and after injection of 15ml of 0.1 mM/kg gadolinium-
diethylenetrimanie penta-acetic acid by power injector at speed
of 5 ml/s. A total of 40 volumes were acquired.

T2 lesion volume (LV) was determined by an experienced
clinical neuroimager (13 years of experience) using a validated
semi-automated contouring/thresholding procedure conducted
with Java Imaging Manipulation (JIM) software (Xinapse
Systems, version 6.0, Essex, UK) on FLAIR sequence. Intra-rater
agreement is evaluated annually with good agreement (ICC ≥

0.8). Global volumes of whole brain (WBV; WBV = GMV +

WMV + cerebellar volume), WM (WMV), gray matter and
(GMV; GMV = cortical + deep gray matter) were derived
by SIENAX software (FMIRB, Oxford, UK) and scaled for
differences in skull size (by using the SIENAX scaling factor)
(21). FMRIB’s Integrated Registration and Segmentation Tool
(FIRST) software derived the regional, nuclei-specific volumes
of total DGM, thalamus, caudate, putamen, globus pallidus, and
hippocampus. In order to prevent tissue misclassification, both
global and nuclei specific volumes were derived after inpainting
for T1 hypointense lesions which were semi-automatically
segmented on the T1w sequence.

The PWI-derived measures of cerebral blood volume (CBV),
cerebral blood flow (CBF), and mean transit time (MTT) were
calculated with the JIM Perfusion tool. To obtain the arterial
input function, we utilized the automatic arterial input (AIF)
function detection feature, which searches for voxels that have
AIF-like behavior. For all analyses, the selected voxels were
visually inspected to ensure accurate identification.

By utilizing the first steady-state volume before contrast
arrival, FMRIB’s Linear Image Registration Tool (FLIRT) was
used to bring other images into DSC space with a rigid body
registration.Mean values for CBV, CBF, andMTTwere calculated
in the SIENAX and FIRST-based ROIs. (Supplement Figure 1).
As an absolute quantification of CBV and CBF could not be
performed due to technical limitations of the DSC sequence

TABLE 1 | Demographic, clinical, and cognitive characteristics of the

study population.

Demographic

and clinical

characteristics

MS

(n = 103)

CIS+RRMS

(n = 63)

PMS

(n = 40)

RRMS vs.

PMS p-value

Female, n (%) 78 (75.7) 47 (74.6) 31 (77.5) 0.738

Age, mean (SD) 54.5 (11.7) 49.9 (11.8) 61.5 (7.3) <0.001

Disease duration,

mean (SD)

21.1 (10.9) 17.1 (9.6) 27.4 (9.9) <0.001

EDSS, median

(IQR)

3.0 (1.5–6.0) 2.0 (1.5–2.63) 6.5 (4.0–6.5) <0.001

MSSS, median

(IQR)

2.26 (1.0–5.6) 1.28

(0.78–2.49)

5.6 (3.4–6.7) <0.001

BMI, mean (SD) 27.3 (5.3) 27.0 (5.3) 27.9 (5.4) 0.42

Obese, n (%) 27 (26.2) 13 (20.6) 14 (35.0) 0.115

At least one CVD,

n (%)

42 (40.7) 22 (34.9) 20 (50.0) 0.129

Hypertension, n

(%)

18 (17.5) 5 (7.9) 13 (32.5) 0.001

Hyperlipidemia, n

(%)

24 (23.3) 12 (19.0) 12 (30.0) 0.2

Heart disease, n

(%)

14 (13.6) 10 (15.9) 4 (10.0) 0.397

Diabetes, n (%) 2 (1.9) 0 (0) 2 (5.0) -

5-year relapse

rate, mean (SD)

0.155 (0.377) 0.232 (0.459) 0.031 (0.088) 0.008

T25FW, median

(IQR)

5.4 (4.5–7.7) 4.8 (4.3–5.8) 7.7 (6.2–13.5) <0.001

9HPT, median

(IQR)

23.4

(19.9–30.4)

20.9

(18.9–24.5)

29.4

(24.5–41.3)

<0.001

SDMT, mean (SD) 49.5 (14.8) 53.8 (13.3) 42.6 (14.5) <0.001

DMT use, n (%)

Interferon-beta

31 (30.1) 23 (36.5) 8 (20) 0.742

Glatiramer acetate 28 (27.2) 15 (23.8) 13 (32.5)

Natalizumab 3 (2.9) 2 (3.2) 1 (2.5)

Oral medications 10 (9.7) 6 (9.5) 4 (10)

Off-label

medications

5 (4.9) 3 (4.8) 2 (5)

No DMT use 26 (25.2) 14 (22.2) 12 (30)

MS, multiple sclerosis; CIS, clinically isolated syndrome; RRMS, relapsing remitting

MS; PMS, progressive MS; EDSS, expanded disability status scale; MSSS, multiple

sclerosis severity score; BMI, body mass index; T25FW, timed 25-foot walk; 9HPT,

9-hole peg test; SDMT, symbol digit modalities test; DMT, disease modifying

treatment; CVD, cardiovascular disease; SD, standard deviation; IQR, interquartile range.

Oral medications included dimethyl fumarate, teriflunomide, and fingolimod, whereas

off-label medications included intravenous immunoglobulins, azathioprine, rituximab,

mitoxantrone. Comparisons between the groups were performed by Student’s t-test, χ
2

and Mann-Whitney U-test, accordingly. P < 0.05 were considered statistically significant

and shown in bold.
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utilized, we normalized all derived perfusion parameters to the
normal-appearing WM (NAWM) (22). On the other hand, MTT
is an absolute measure and was quantified in seconds. Only the

TABLE 2 | Association between clinical MS scores (EDSS and MSSS) and

MRI-derived measures.

EDSS R2 SE of

estimate

t-statistics Standardized

β

p-value

Block 1 0.325 0.55

Sex – – 0.318 0.029 0.751

Patients’ age – – 6.142 0.566 <0.001*

Block 2

+WBV 0.409 0.52 −3.366 −0.345 0.001*

MSSS

Block 1 0.115 0.92

Sex – – −0.499 −0.052 0.619

Patients’ age – – 3.285 0.343 0.001*

Block 2

+ GM nCBF 0.155 0.89 −2.14 −0.22 0.035

+ WBV 0.186 0.87 −2.027 −0.244 0.046

T25FW

Block 1 0.161 20.6

Sex – – 3.635 0.078 0.459

Patients’ age – – 0.744 0.381 <0.001*

Block 2

+ WBV 0.232 19.9 −2.582 −0.289 0.012*

+ Hippocampus nCBV 0.278 19.4 −2.214 −0.225 0.03

9HPT

Block 1 0.333 20

Sex – – 3.656 0.367 <0.001*

Patients’ age – – 2.22 0.198 0.029*

Block 2

+ Thalamus MTT 0.371 19.6 −1.992 −0.198 0.032

+ WBV 0.401 19.2 2.177 0.195 0.049

SDMT

Block 1 0.276 12.6

Sex – – −0.831 −0.078 0.408

Patients’ age – – −5.068 −0.477 <0.001*

Years of education – – 1.992 0.186 0.05

Block 2

+ T2 LV 0.364 11.9 −3.364 −0.305 0.001*

+ GM nCBV 0.412 11.5 2.546 0.236 0.013*

MS, multiple sclerosis; EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis

Severity Score; T25FW, Timed 25-foot walk; 9HPT, 9-hole peg test; SDMT, Symbol Digit

Modalities Test; WBV, whole brain volume; GM, gray matter; nCBF, normalized cerebral

blood flow; nCBV, normalized cerebral blood volume; MTT, mean transit time; LV, lesion

volume; SE, standardized error. Higher EDSS and MSSS score indicate greater disability.

Longer T25FW time (in seconds) indicates worse walking ability. Longer 9HPT time

(in seconds) indicates poorer hand performance. Higher SDMT score indicates better

cognitive processing speed.

The regression models were constructed by initial block which force entered and

adjusted for effects derived from age and sex (regardless of their significance). The

second block utilized step-wise hierarchical inclusion of variables (independent) with

an increasing explanatory power of respective outcome variance (dependent). Only

significant predictors that provide additional power outside of block 1 are included in this

block. In the case of SDMT model, years of education is additionally added in the first

force entered block.

P < 0.05 were considered statistically significant and shown in bold. * - Survives false

discovery rate (FDR) correction with Benjamini-Hochberg procedure.

WBV was utilized as a structural volumetric measure in the
models described hereafter.

Statistical Analysis
The statistical analyses were performed using SPSS version 25.0
(IBM, Armonk, NY, USA). The data distribution was assessed
by Kolmogorov-Smirnov test and by visual inspection of Q-Q
plots. EDSS and MSSS were normalized by natural logarithmic
transformation. For normalization of T25FW and 9HPT,
two-step approach was utilized. After initial transformation
of the data into fractional ranks, an inverse distribution
function utilized the mean and standard deviation and returned
the values into normal distribution where the cumulative
probability is Prob(X<x). For demographic, clinical, and
cognitive comparisons between the RRMS and PMS groups,
χ
2, Student’s t-test, Mann-Whitney U-test, and age- and

sex-adjusted analysis of covariance (ANCOVA) were used. Five
linear regression models assessed associations between each
specific clinical or cognitive outcomes with the MRI-derived
measures. The models were constructed by initial block that
adjusted for effects derived from age, sex, and years of education.
The second block utilized step-wise hierarchical inclusion of
scalar WBV and perfusion-based variables (independent) with
an increasing explanatory power of respective outcome variance
(dependent). Regression-based R2, standard error of the estimate,
standardized β, and t-statistics were reported. P < 0.05 were
considered statistically significant. The significant predictors
in the models were also adjusted for multiple comparisons
using false discovery rate (Benjamini-Hochberg procedure).
Differences in MTT between MS patients with and without
at least one of the aforementioned cardiovascular disease
were determined by age-adjusted ANCOVA analysis. Logistic
regression model determined MRI-based predictors of CVD
presence. Lastly, the absolute values derived by automatic
arterial input (AIF) are compared between patients with and
without CVD.

RESULTS

Demographic, Clinical, Cognitive, and
MRI-Based Characteristics
Demographic, clinical and cognitive characteristics of the study
population are shown in Table 1. A total of 103MS patients
was composed of 63 CIS/RRMS (6 CIS and 57 RRMS) and
40 PMS individuals and had an average age of 54.5 years,
disease duration of 21.1 years, 5-year relapses rate of 0.155,
median disability EDSS score of 3.0 and median MSSS score of
2.26. In particular, the median T25FW and 9HPT performance
were 5.4 s and 23.4 s, respectively. Similarly, the average SDMT
performance was 49.5. Use pattern of DMT is also shown
in Table 1. Forty two MS patients (40.7%) had a diagnosis
of at least one CVD. In particular, 18 (17.5%) MS patients
had hypertension, 24 (23.3%) hyperlipidemia, 14 (13.6%) heart
disease, 27 (26.2%) were obese, and 2 (1.9%) diabetes. As
expected, the PMS population was older (Student’s t-test, p <

0.001), had longer disease duration (Student’s t-test, p < 0.001),
had greater disability scores (MannWhitneyU-test, p< 0.001 for
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both EDSS and MSSS), had poorer walking, hand and cognitive
processing speed performance (Mann-Whitney U-test, all p <

0.001) and had significantly lower 5-year relapse rate (Mann
Whitney U-test, p = 0.008). PMS patients had numerically
greater number of CVD and significantly higher percent of them
were hypertensive (χ2, p= 0.001).

The specific global, regional and lesion brain volumes of the
study population are shown in Supplement Table 1.

Associations Between Clinical, Cognitive,
and Perfusion-Based Measures
The association between clinical scores, walking performance,
hand performance and cognitive processing speed performance
with MRI-derived measures are shown in Table 2. After
adjustment for age and sex, greater EDSS scores were associated
with smaller WBV (R2 increase from 32.5 to 40.9%, WBV
standardized β = −0.345, t-statistics = −3.366, and p = 0.001).
On the other hand, in addition to age and sex, the MSSS variance
was additionally explained by GM nCBF (R2 increase of 4.0%,
standardized β = −0.22, t-statistics = −2.14, p = 0.035) and
WBV (R2 increase of 2.9%, standardized β = −0.244, t-statistics
=−2.027, and p= 0.046).WhenWBVwas introduced in the first
initial correction regression step, the GM nCBF was retained in
the step-wise model.

Age and sex explained a total of 16.1% of T25FW
performance variance. Both WBV (R2 increase of 7.1%,
standardized β =−0.289, t-statistics = −2.582, and p = 0.012)
and hippocampus nCBV (additional R2 increase of 4.6%,
standardized β = −0.225, t-statistics = −2.214, and p = 0.03)
were able to further explain greater variance.

In a similar manner, age and sex were able to explain
33.6% of hand dexterity (9HPT) performance variance. Two
additional variables were included in the step-wise hierarchical
modeling. First, the thalamus MTT provided an additional 3.8%
R2 increase (standardized β = −0.198, t-statistics = −1.992, p
= 0.032). Furthermore, WBV explained 3.0% more R2 variance
(standardized β= 0.195, t-statistics= 2.177, p= 0.049). Similarly
to the MSSS analysis, when the WBV variable was in the first
block of controlling variables, the thalamus MTT was also
retained in the model.

Finally, 27.6% of cognitive processing speed performance
variance was initially explained by sex, age, and years of
education alone. Further R2 increases were noted by adding
T2-LV (R2 increase of 8.8%, standardized β = −0.305, t-
statistics = −3.364, p = 0.001) and GM nCBV (R2 increase
of 4.8%, standardized β = 0.236, t-statistics = 2.546, p =

0.013). GM nCBV was the only significant perfusion-based
predictor after multiple comparison correction for all regression
models. Scatter plot representation for the final regression-based
prediction models for 9HPT, T25FW, and SDMT are shown
in Figure 1.

Cardiovascular Diseases and Differences
in Perfusion Measures
The demographic and clinical characteristics of MS patients with
and without at least one CVD diagnosis are shown in Table 3.

TABLE 3 | Differences in MTT between MS patients with and without at least

one CVD.

Demographic and

clinical

characteristics

MS CVD +

(n = 42)

MS CVD –

(n = 61)

CVD + vs.

CVD –

p-value

Female, n (%) 32 (76.2) 46 (75.4) 0.928

Age, mean (SD) 58.7 (9.3) 51.5 (5.4) 0.002

BMI, mean (SD) 28.5 (5.1) 26.6 (5.4) 0.08

Obese, n (%) 16 (38.1) 11 (18.0) 0.039

CIS/RRMS/PMS 2/20/20 4/37/20 0.357

Disease duration,

mean (SD)

23.5 (11.1) 19.4 (10.5) 0.065

EDSS, median (IQR) 3.25

(1.88–6.5)

2.0 (1.5–6.0) 0.177

MSSS, median (IQR) 2.28

(1.28–6.0)

2.23

(0.92–5.1)

0.408

5-year relapse rate,

mean (SD)

0.113 (0.364) 0.184 (0.385) 0.356

T25FW, median

(IQR)

5.7 (4.6–8.2) 5.2 (4.5–6.9) 0.343

9HPT, median (IQR) 25.2

(21.7–32.7)

21.6

(19.1–29.1)

0.028

SDMT, mean (SD) 48.1 (14.8) 50.5 (14.8) 0.44

DSC measures,

mean (SD)

Age-adjusted ANCOVA

NABT MTT 3.47 (0.7) 3.44 (0.7) 0.802

NAWM MTT 3.52 (0.7) 3.5 (0.7) 0.836

GM MTT 3.44 (0.8) 3.42 (0.7) 0.721

DGM MTT 3.3 (0.8) 3.21 (0.7) 0.903

Thalamus MTT 3.25 (0.9) 3.1 (0.8) 0.768

GM nCBV 1.79 (0.15) 1.8 (0.25) 0.725

DGM nCBV 1.57 (0.1) 1.56 (0.17) 0.566

Thalamus nCBV 1.57 (0.16) 1.54 (0.19) 0.482

GM nCBF 1.95 (0.35) 1.9 (0.28) 0.209

DGM nCBF 1.89 (0.38) 1.83 (0.26) 0.258

Thalamus nCBF 1.72 (0.29) 1.71 (0.29) 0.414

MS, multiple sclerosis; CVD, cardiovascular disease; BMI, body mass index; MTT, mean

transit time; nCBV, normalized cerebral blood volume; nCBF, normalized cerebral blood

flow; EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis Severity Score;

T25FW, timed 25-foot walk; 9HPT, 9-hole peg test; SDMT, Symbol Digit Modalities Test;

NABT, normal-appearing brain tissue; NAWM, normal-appearing white matter; GM, gray

matter; DGM, deep gray matter.

Comparison between the MS patients with (CVD +) and without (CVD –) at least

one CVD disease were done by Student’s t-test, χ
2 and Mann-Whitney U-test,

accordingly. Analysis of covariance (ANCOVA) was used to compare perfusion-based

MTT/nCBV/nCBV measures. Normalized CBV and CBF are calculated as a ratio of the

respective measure in NAWM. P < 0.05 were considered statistically significant and

shown in bold.

Although the CVD+ group had numerically more PMS patients
(47.6 vs. 32.8%), this did not reach statistical significance (χ2, p
= 0.357). In terms of perfusion-based measures, there were no
significant differences between the MS patients with or without
at least one CVD. Apart from age, presence of CVD was not
predicted by any DSC measure in a step-wise logistic regression
model [age Exp(B) = 1.087, p = 0.008]. Exploratory analysis of
the logistic regression model showed that higher thalamic MTT
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FIGURE 1 | Regression-based plots for explained T25FW (A), 9HPT (B), and SDMT (C) variance. Legend: 9HPT, 9 Hole peg test; T25FW, Timed 25 foot walk; SDMT,

Symbol Digit Modalities Test. Both 9HPT and T25FW were normalized by fractional ranks and an inverse distribution function.

was the only trending variable (stand-alone main effect of higher
thalamic MTT values and presence of CVD with p = 0.052)
Lastly, comparison of raw CBV and CBF (i.e., not normalized to
NAWM) values were compared between MS patients with and
without CVD and are shown in Supplement Table 2.

DISCUSSION

In this study, we demonstrated significant associations between
clinical and cognitive processing speed performance of MS
patients with decreased cerebral perfusion as measured by
DSC-PWI. These associations were independent of T2-LV and
WBV effects and explained additional physical and cognitive
disability variance. There were no differences in PWI-derived
MTT between patients with at least one CVD when compared
to patients without cardiovascular comorbidities.

Previous MS perfusion studies have reported mixed results
with most studies demonstrating cerebral hypoperfusion and
its effect on MS outcomes. As such, our results fall in
line with the majority of the literature, which highlights
the importance of cortical perfusion and its effect on MS
outcomes including physical disability, cognitive impairment,
and fatigue. For example, a small study of 22MS patients
and 11 age- and sex-matched healthy controls demonstrated
associations between lower DGM CBV and CBF measures with
patient-reported fatigue severity (23). Another recent MS voxel-
based morphometry report demonstrated presence of significant
reduction of both GM and DGM perfusion despite the lack
of structural pathology (24). In addition, hypoperfusion was
associated with impaired cognitive processing speed and lower
performance on memory tests (24, 25). On the contrary, few
studies were not able to replicate the perfusion findings reported
in the literature finding lack of associations (26). A recent
comprehensive summary of all previous perfusion studies and
their results has been published elsewhere (4).

The importance of sufficient cerebral perfusion inmaintaining
proper cognitive functioning is recently highlighted in both
cross-sectional and longitudinal studies of otherwise cognitively
intact healthy population. For an example, a recent 2-year
long longitudinal ASL study showed that healthy individuals
with decline in GM CBF present with concurrent decline

in other markers of brain aging including lower cortical
volume, worse WM microstructural integrity, and greater
appearance of WM hyperintensities (27). More importantly, the
longitudinal GM CBF decline was associated with worsening
of the cognitive processing speed (27). Reduction in cerebral
perfusion has been also hypothesized as early marker of
multiple neurodegenerative diseases, greater cerebral protein
accumulation, and as a predictor of dementia development
(28). As such, a population-based study has demonstrated that
lower cerebral perfusion is associated with 31% greater risk
of Alzheimer’s disease development and accelerated decline
in cognition (29). Lastly, presence of cardiovascular and
cardiovascular-driven inflammation can expedite the cerebral
vascular control and lead to greater cognitive decline (30).
Given that MS patients present with greater prevalence of
cardiovascular comorbidities when compared to the general
population, lifestyle-based modification and appropriate CVD
treatment may alleviate some of the perfusion-driven cerebral
pathology (20). However, in our sample of 103MS patients, the
presence of CVD did not influence the MRI-derived perfusion
measure. These findings may be explained by the low sample
size and relatively low prevalence of CVDs. Furthermore, the
CVD effect on MS perfusion may be more significant within
an older MS population that presents with greater number of
CVD comorbidities (3). Moreover, potential changes in cerebral
perfusion due to persistent chronic NAWM inflammation and/or
significant cortical lesions activity may be more prevalent
within active MS population which is generally younger and
have lower prevalence of CVD diagnoses. Lastly, since the
recent hypertension guidelines have lowered the threshold to
>130/80 mmHg, some hypertension-perfusion interactions may
be present within our non-CVD MS population (31). Future
studies should aim at determining whether the MS cerebral
hypoperfusion has primary or secondary etiology, its relationship
with cardiovascular comorbidities and a potential additive effect
on disability accrual.

In a previous work, we demonstrated that cognitively
impaired MS patients present with lower total extracranial
arterial blood flow (10). The smaller amount of blood entering the
craniummay be directly associated with lower cerebral perfusion
measures including lower CBV, CBF, and prolonged MTT. In
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order to compensate for the variable extracranial blood flow,
the neurovascular unit is responsible for adjusting the overall
CBV by triggering vasodilatatory or vasoconstrictory responses.
However, recent reports suggest that MS patients present with
impaired functional cerebrovascular reactivity where they are not
able to compensate during hypercapnic stimuli and result with
neurodegenerative changes and brain atrophy (32). Therefore,
the relative inability of the cerebral circulation to adapt will
result in greater dependence on the cardiac output and on
systematic arterial pressure to deliver the necessary brain blood
flow. Presence of cardiovascular comorbidities will further
exacerbate the extracranial arterial pathology andmay result with
even lower blood output to the brain (33). Contrarily, intact
cerebrovascular reactivity processes can sufficiently compensate
for early CVD-based hypoperfusion and attempt at maintaining
sufficient blood flow. Therefore, future studies should aim at
assessing the multifaceted nature of cerebral perfusion control
and the consequences when one or more processes start
to fail.

The study presents with several limitations. The perfusion
measures derived from DSC are typically relative in nature
and specific to the patient’s hematocrit and relaxivity of the
contrast agent (6). More advanced acquisitions and post-
processing can be utilized to account for such factors, but
were unavailable in the present study. Although significantly
affected by partial volume effects, we utilized deconvolution
with arterial input function and compared the absolute CBV
and CBF (6). Moreover, the normalization of r CBV and
rCBF with the respective NAWM perfusion rates can be
influenced by varying rate of NAWM pathology. Furthermore,
MS may present with spatially discrepant GM/WM pathology
ratio, where some patients exhibit significantly more affected
WM and other exhibit greater GM pathology. Such examples
of exclusive myelocortical pathology distribution have been
recently described (34). MS patients also demonstrate variable
and undetectable NAWM pathology which can alter NAWM
perfusion and in this case significantly influence the nGM CBF
calculation. Studies can utilize MRI sequences that are able to
provide absolute bloodmeasure quantifications like ASL or book-
end DSC method together with sequences that allow GM lesion
quantification. The significant variability within the physiological
brain perfusion can be attributed to more than 58 different
perfusionmodifiers divided into four large groups (physiological,
blood components, mental state and caffeine/recreational drugs)
(35). In particular controlling for age, blood gases and caffeine
consumption can significantly decrease the inconsistency in
the perfusion literature (35). Another limitation is the lack
of healthy control population. A longitudinal, case-controlled
design would provide better understanding of the temporal
associations between changes in perfusion and their effect on
clinical or cognitive outcomes.

In conclusion, decreased GM and DGM perfusion is
independently associated with poorer clinical and cognitive

outcomes in MS patients. These findings further corroborate
the concurrent GM dependence of physical and cognitive
functioning. Presence of cardiovascular comorbidity did not
affect the perfusion-based MTT measure in this particular
MS population.
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Purpose: Cerebrovascular reactivity (CVR) is an index of the dilatory function of

cerebral blood vessels and has shown great promise in the diagnosis of risk factors in

cerebrovascular disease. Aging is one such risk factor; thus, it is important to characterize

age-related differences in CVR. CVR can be measured by BOLD MRI but few studies

have measured quantitative cerebral blood flow (CBF)-based CVR in the context of

aging. This study aims to determine the age effect on CVR using two quantitative CBF

techniques, phase-contrast (PC), and arterial spin labeling (ASL) MRI.

Methods: In 49 participants (32 younger and 17 older), CVR was measured with PC,

ASL, and BOLD MRI. These CVR methods were compared across young and older

groups to determine their dependence on age. PC and ASL CVR were also studied

for inter-correlation and mean differences. Gray and white matter CVR values were

also studied.

Results: PC CVR was higher in younger participants than older participants (by 17%,

p = 0.046). However, there were no age differences in ASL or BOLD CVR. ASL CVR

was significantly correlated with PC CVR (p = 0.042) and BOLD CVR (p = 0.016), but its

values were underestimated compared to PC CVR (p = 0.045). ASL CVR map revealed

no difference between gray matter and white matter tissue types, whereas gray matter

was significantly higher than white matter in the BOLD CVR map.

Conclusion: This study compared two quantitative CVR techniques in the context

of brain aging and revealed that PC CVR is a more sensitive method for detection of

age differences, despite the absence of spatial information. The ASL method showed

a significant correlation with PC and BOLD, but it tends to underestimate CVR due to

confounding factors associated with this technique. Importantly, our data suggest that

there is not a difference in CBF-based CVR between the gray andwhitematter, in contrast

to previous observation using BOLD MRI.
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INTRODUCTION

Cerebrovascular reactivity (CVR) is an index of the dilatory
function of cerebral blood vessels. This index has potential
utility in arterial stenosis (1–3), stroke (4–6), neurodegenerative
diseases (7–9), and normal aging (10–12). CVR can be measured
by applying a vasodilatory challenge, such as CO2 (13), while
recording hemodynamic parameters of the brain, and the change
in the hemodynamic parameter per unit dilatory stimulus is
quantified as CVR.

The vast majority of prior CVR studies have been based on
the Blood-Oxygenation-Level-Dependent (BOLD) MRI signal
(2, 10, 12–14), due to its straightforward pulse sequence,
high sensitivity, high spatial, and temporal resolution (13).
However, BOLD signal reflects a complex interplay between
many physiological parameters such as cerebral blood flow
(CBF), venous cerebral blood volume (vCBV), cerebral metabolic
rate of oxygen (CMRO2), and hematocrit (Hct) (14), thus
this signal is often considered as a semi-quantitative measure
of brain hemodynamics and its interpretation is sometimes
difficult (15–17).

CBF-based CVR is generally considered a more quantitative
measure. This technique has a direct physiological meaning,
thus is not dependent on magnetic field strength. Furthermore,
such a measure can be compared across imaging modalities
such as MRI (18), Positron Emission Tomography (PET) (19),
Single Photon Emission Computed Tomography (SPECT) (20),
ultrasound (21), and optical imaging (22). Two commonly used
MRI approaches to measure CBF are arterial spin labeling
(ASL) and phase-contrast (PC) MRI. ASL measures voxel-
wise CBF by using labeled water protons as an endogenous
tracer (18, 23, 24) and subtraction of label and control images
yields a perfusion-weighted image, which can be used for
quantification of CBF maps (25, 26). Two major limitations
of ASL are that it suffers from low signal-to-noise ratio
(SNR) and that there exist several confounding factors in
its quantification such as bolus arrival time and labeling
efficiency (27). These factors are known to vary with CO2
levels (28, 29).

PC MRI is a technique to measure blood flow via imaging
of flow velocity in blood vessels (28, 30). This method can

Abbreviations: ASL, arterial spin labeling; ASLRA, room air arterial spin labeling;

ASLHC , room air arterial spin labeling; BOLD, blood-oxygen-level-dependent;

BOLDRA, room air blood-oxygen-level-dependent; BOLDHC , hypercapnia blood-

oxygen-level-dependent; CBF, cerebral blood flow; CC, cross correlation; CVR,

cerebrovascular reactivity; EtCO2, end-tidal CO2; EtCO2ASL, RA, end-tidal CO2

during arterial spin labeling at room air; EtCO2ASL, HC , end-tidal CO2 during

arterial spin labeling at hypercapnia; EtCO2PC, RA, end-tidal CO2 during phase-

contrast at room air; EtCO2PC, HC , end-tidal CO2 during phase-contrast at

hypercapnia; FA, flip angle; FluxRA, flux at room air; FluxHC , flux at hypercapnia;

FOV, field-of-view; GM, gray matter; HC, hypercapnia; Hct, hematocrit; JHU,

Johns Hopkins University; MPRAGE, magnetization-prepared rapid acquisition

with gradient echo; PC, phase-contrast; pCASL, pseudo-continuous arterial spin

labeling; PET, positron emission tomography; RA, room air; ROI, region-of-

interest; SNR, signal-to-noise ratio; SPECT, single positron emission computed

tomography; SPM, Statistical Parameter Mapping; SSS, superior sagittal sinus;

TE, echo time; TI, inversion time; TR, repetition time; UTD, University of Texas

at Dallas; vCBV, venous cerebral blood volume; Venc, velocity encoding; WB,

whole-brain; WM, white matter.

be used to measure global CBF through arterial vessels (e.g.,
internal carotid arteries) or venous vessels (e.g., superior sagittal
sinus, SSS). PC MRI does not suffer from variables such as
bolus arrival time or labeling efficiency, although it does not
provide regional CBF information. CBF measurements from
PC and ASL MRI under basal states have been compared
previously (13, 27, 28).

The purpose of this study was to compare PC and ASL-based
CVR in the context of normal aging. For completeness, BOLD-
based CVR data were also collected. CVR was measured in
younger (N = 32) and older (N = 17) participants with all
three techniques to determine their sensitivity to age-related
cerebrovascular decline. The correlation and magnitude between
these CVR techniques were also studied. Basal CBF differences
between the younger and older groups were examined using the
normocapnic PC data.

MATERIALS AND METHODS

Study Participants
Forty-nine participants (27 females, 22 males) were recruited
at the University of Texas at Dallas (UTD) and Johns Hopkins
University (JHU). The demographic and cognitive information
of participants from both institutions is summarized in Table 1.
The study was approved by the Institutional Review Boards of
both institutions. Written informed consent in accordance with
the Declaration of Helsinki was obtained before participants were
enrolled in the study.

TABLE 1 | Demographic and cognitive information for study participants.

Young Old p t44

Demographic Information

N 32 17

UTD 16 10

JHU 16 7

Age, years (SE)

UTD 23.1 (0.6) 59.6 (1.6)

JHU 20.9 (0.6) 66.0 (3.0)

Gender (M, F)

UTD (5, 11) (3, 7)

JHU (11, 5) (3, 4)

Cognitive Measures, z-Score (SE)

Multiple domains −0.007 (0.206) 0.038 (0.129) 1 0

Motor speed 0.312 (0.139) −0.404 (0.198) 0.01 −2.69

Attention 0.118 (0.165) −0.117 (0.194) 1 0

Short term memory 0.356 (0.162) −0.543 (0.163) 0.141 −1.50

Working memory 0.233 (0.186) −0.372 (0.149) 0.692 −0.40

Fluid intelligence 0.328 (0.132) −0.519 (0.208) 0.019 −2.44

Crystalline intelligence 0.182 (0.117) −0.336 (0.241) 0.37 −0.91

Processing speed 0.475 (0.112) −0.767 (0.112) <0.001 −5.86

Global cognition 0.328 (0.085) −0.510 (0.111) <0.001 −4.66

F, female; JHU, Johns Hopkins University; M, male; N, number of participants; SE,

standard error; UTD, University of Texas at Dallas.
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Experimental Procedures
The MRI scans were performed on two 3T systems (Philips
Healthcare, Best, The Netherlands). The two systems have the
identical model number (Achieva with QUASAR gradient) and
hardware configurations. A body coil was used for transmission
and a 32-channel head coil was used for receiving. Before the
subject entered the scanner, a nose clip and a mouth piece was
attached on the subject to allow for control of inspired air, as
detailed previously (31). Once the subject was inside the scanner,
we performed MRI scans illustrated in Figure 1A. The scan
session began with room air breathing. A PC-MRI was performed
first followed by a dual-echo ASL/BOLD sequence for 10min. At
4min into the ASL/BOLD sequence (green line in Figure 1A), the
inspired gas was switched to CO2-enriched gas mixture (5% CO2,
21% O2, and 74% N2) and the scan continued for another 6min.
The CO2 gas mixture was stored in a Douglas bag and delivered
through a two-way non-rebreathing valve (Hans Rudolph, 2600
series, Shawnee, KS). A research assistant was in theMRI room to
change the valve from room-air to 5% CO2 gas at the appropriate
time. After the dual-echo ASL/BOLD sequence, a PC-MRI was
performed in the hypercapnic state. End-tidal CO2 (EtCO2) was
continuously measured through the duration of the experiment
using a capnograph device (NM3 Respiratory Profile Monitor,
Model 7900, Philips Healthcare, Wallingford, CT).

PC-MRI used the following parameters: field-of-view
(FOV) = 230 × 230 mm2, matrix size = 320 × 192, slice
thickness = 5mm, repetition time (TR)/echo time (TE)/flip
angle (FA) = 20 ms/7 ms/15◦, velocity encoding (Venc) =

80 cm/s, scan duration= 30 s. The 2D PC imaging slice was
positioned at 20mm above sinus confluence with the imaging
slice parallel to AC-PC line to measure flow through the SSS
(Figure 1B). The dual-echo ASL sequence used the following
parameters: pseudo-continuous ASL (pCASL) labeling, FOV
= 220 × 220 × 126 mm3, matrix size = 64 × 64 × 22, slice
thickness = 6mm, TR/TE1/TE2/FA = 4,006 ms/13 ms/30
ms/90◦, scan duration = 10min (Figure 1C). The sequence was
used to obtain simultaneous ASL (the TE1 data) and BOLD
(the TE2 data) signals. Note, however, that these BOLD data are
slightly different from the traditional BOLD-CVR data which are
typically acquired in several CO2 breathing cycles with a shorter
breathing period (13).

A T1-weighted magnetization-prepared rapid acquisition
with gradient echo (MPRAGE) scan was performed for tissue
segmentation. The MPRAGE sequence had the following
parameters: TR of 8.1ms, TE of 3.7ms, a flip angle of 12◦, a
shot interval of 2,100ms, an inversion time (TI) of 1,100ms,
with a voxel size of 1 × 1 × 1 mm3, 160 slices with a sagittal
slice orientation.

Data Processing
Data analysis was performed using Statistical ParameterMapping
(SPM) (University College London, UK) and in-house MATLAB
scripts (MathWorks, Natick, MA).

The dual-echo ASL scan yielded both ASL and BOLD data.
The ASL (first echo) and BOLD (second echo) images were first
preprocessed using a standard pipeline: motion correction by

FIGURE 1 | Illustration of the MRI scan procedures: (A) Timing of the PC and ASL/BOLD MRI scans during normocapnic and hypercapnic states. The timing of the

gas switch is shown by the colored bars. The gas switch occurred 4min into the ASL/BOLD scan. (B) Slice positioning of PC and (C) ASL/BOLD MRI. ASL, arterial

spin labeling; BOLD, blood-oxygenation-level-dependent; PC, phase-contrast.
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realignment (to the first dynamic) and spatial smoothing with a
Gaussian filter with a full-width-at-half-maximum of 4mm. A
whole-brain (WB) mask was obtained by segmentation of the
raw image and used to obtain a WB raw ASL and BOLD time
course. The ASL label and control values were subtracted using a
surround subtraction algorithm (32, 33) to obtain CBF-weighted
time course (Figure 2A). The BOLD label and control values
were averaged to cancel out the labeling effect (34), yielding a
final BOLD time course (Figure 2A). Note that the dual-echo
ASL scan lasted for 10min with the switch from room air to CO2

gas taking place at 4min into the scan. We averaged the data in
the first 4min as the room air values (ASLRA and BOLDRA) and
the last 4min as the hypercapnic values (ASLHC and BOLDHC)
(Figure 2A). Data during the middle 2min were not used for
CVR calculation as physiology was not in a steady-state.

ASL and BOLD based CVR were then calculated with:

ASL CVR =
100∗ASLHC−ASLRA

ASLRA

EtCO2 ASL,HC − EtCO2ASL, RA
(1)

BOLD CVR =
100∗BOLDHC−BOLDRA

BOLDRA

EtCO2ASL, HC − EtCO2ASL, RA
(2)

where EtCO2HC and EtCO2RA represent end-tidal CO2

values during the hypercapnia and room air MRI
acquisition, respectively.

The EtCO2 values were extracted from the CO2 recording.
To obtain EtCO2HC and EtCO2RA that are time-matched to the
MRI data acquisitions, the EtCO2 time course was temporally
aligned to the BOLD signal time course by computing cross-
correlation (CC) between them at various time-shifts and finding
the shift yielding the highest CC (Figure 2B). This process allows
the correction of the time it takes for the CO2 to travel from the
lungs to the brain (13). Once temporally aligned, the EtCO2 data
points during the correspondingMRI scan were averaged to yield
EtCO2 values room air and hypercapnia, which was used for the
calculation of CVR in Equations (1) and (2).

In addition to WB CVR values, which include both gray
matter (GM) and white matter (WM), we also separately
examined GM andWMCVR. To create GM andWMmasks, the
T1-weighted MPRAGE image was skull-stripped and segmented
using SPM12.

To calculate PC CVR, the flux at room air (FluxRA)

and hypercapnia (FluxHC) were measured. Region-of-interests

(ROIs) encompassing the SSS were manually drawn on complex

difference images for both the room air and hypercapnia PC scans

(Figure 3A). These ROIs were then overlaid onto the respective

FIGURE 2 | Processing of the dual-echo ASL/BOLD MRI data: (A) Flowchart of the ASL/BOLD data processing. The dual-echo data were first split into two echoes,

the first corresponding to ASL and the second BOLD. The time courses of these raw data reveal high-frequency signal fluctuations in accordance with the

control-label alternations. Subtraction and addition of the time courses result in the final ASL and BOLD time courses, respectively. The corresponding time periods

were averaged to obtain room-air (RA) and hypercapnic (HC) signal values. (B) Illustration of the maximal alignment between EtCO2 and WB BOLD signal from a

representative subject. The EtCO2 time course was shifted to find the best temporal match with the BOLD. ASL, arterial spin labeling; BOLD,

blood-oxygen-level-dependent; EtCO2, end-tidal CO2; HC, hypercapnia; pCASL, pseudo-continuous arterial spin labeling; RA, room air; WB, whole-brain.
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FIGURE 3 | CVR results obtained with ASL, BOLD, and PC MRI data: (A) Normocapnic and hypercapnic ASL, BOLD, and PC images from a representative subject.

For PC MRI, the complex difference images are shown, with a zoom-in version showing the complex difference and velocity map in the superior sagittal sinus. (B)

Group-average ASL and BOLD CVR maps. Note that the ASL and BOLD CVR values have different ranges. ASL, arterial spin labeling; BOLD,

blood-oxygen-level-dependent; CVR, cerebrovascular reactivity; HC, hypercapnia; PC, phase-contrast; RA, room air.

velocity maps, and flux was calculated by the multiplying the ROI
area by the mean velocity in the ROI. PC CVR could then be
calculated as:

PC CVR =
100∗ FluxHC−FluxRA

FluxRA

EtCO2PC, HC − EtCO2PC, RA
(3)

where EtCO2PC,HC and EtCO2PC,RA represent averaged end-
tidal CO2 values during hypercapnic and room air PC
scan, respectively.

The PC MRI scan during room air breathing was also used to
calculate basal CBF (ml/100 g/min):

Basal CBF =
FluxRA

Brain Volume ∗1.06 ∗100
∗

1

0.46
(4)

where 0.46 represents the ratio between flow in the SSS and
that in the whole-brain (35), brain volume was estimated by
segmentation of the T1-MPRAGE image using MRIcloud (36).
1.06 is themass density of brain tissue (37), and the number “100”
allows the expression of CBF in “per 100 g tissue.”

Statistical Analysis
All CVR values are reported as mean± standard error. CVR was
compared across young and older groups with a linear regression
analysis, after adjusting for sex and site. For comparison of CVR
across MRI techniques, a Pearson correlation was computed.
For within-subject comparison of tissue type effect and imaging
method effect, a paired t-test was used. A p-value of 0.05 or less
was considered significant.

RESULTS

Figure 3A illustrates images of PC, ASL, and BOLD MR images
during room air and hypercapnia breathing from a representative
subject. Group-averaged ASL and BOLD-based CVR maps are
shown in Figure 3B. Note that the ASL CVR map is noisier
compared to the BOLDCVRmap, consistent with a lower SNR of
the ASL data. Importantly, the ASL CVR map shows an absence
of GM-WM contrast. This is confirmed by region-of-interest
analysis which showed that GM andWMCVR were not different
in the ASL data (GM ASL CVR = 5.6 ± 0.3% /mmHg, WM
ASL CVR = 5.1 ± 0.4 %/mmHg, p > 0.05, t48 = 1.9). This
observation suggests that, even though GM contains more blood
vessels (thereby higher basal perfusion) than WM, their vascular
reactivities in terms of fractional changes in CBF are comparable.
On the other hand, the BOLD CVR map shows a higher CVR in
the GM thanWM, due to the confounding factors (e.g., vCBV) in
the BOLD signal (38). Accordingly, GMBOLDCVRwas found to
be significantly higher thanWM BOLD CVR (GM= 0.33± 0.01
%/mmHg, WM = 0.19 ± 0.01 %/mmHg, p < 0.001, t48 = 15.1).
Note that PC CVR is a global measure and does not produce
a map.

Table 2 summarizes the age effect on the three CVR
modalities. Only PCCVR demonstrates an age effect, where older
participants (5.46± 0.32 %/mmHg) have a significantly lower PC
CVR than younger participants (6.59± 0.41%/mmHg, p= 0.046,
t45 = −2.06). On the other hand, WB ASL CVR (young = 5.53
± 0.37 %/mmHg, old = 5.03 ± 0.55 %/mmHg, p = 0.31, t45 =

−1.03), GM ASL CVR (young = 5.74 ± 0.35 %/mmHg, old =

5.31± 0.6 %/mmHg, p = 0.35, t45 = −0.95), and WM ASL CVR
(young = 5.27 ± 0.53 %/mmHg, old = 4.86 ± 0.58 %/mmHg,
p = 0.52, t45 = −0.65) did not display a significant age effect.
Similarly, WB BOLDCVR (young= 0.27± 0.01 %/mmHg, old=
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0.28 ± 0.01 %/mmHg, p = 0.72, t45 = 0.37), GM BOLD CVR
(young = 0.33 ± 0.01 %/mmHg, old = 0.33 ± 0.01 %/mmHg, p
= 0.95, t45 = 0.07 ), and WM BOLD CVR (young = 0.19 ± 0.01
%/mmHg, old= 0.21± 0.02 %/mmHg, p= 0.29, t45 = 1.07) did
not demonstrate a significant age effect.

Since both PC and ASL MRI measures CBF-based CVR,
we compared whole-brain values between these two imaging
methods. It was found thatWBASL CVR (5.37± 0.32 %/mmHg)
was significantly lower than PC CVR (6.15 ± 0.30 %/mmHg, p
= 0.045, t48 = 2.06), consistent with previous suggestions that
confounding factors in ASL quantification (e.g., reduced labeling
efficiency during hypercapnia) may result in a bias in CVR values
when measured with ASL MRI.

We further studied the correlation between different CVR
methods across participants. Figure 4 shows correlations
between the different CVR measures. Despite different pulse
sequences and different underlying physiological mechanisms, all
three CVR methods showed a significant correlation (p < 0.05).

We also examined basal CBF, (i.e., CBF without hypercapnia
challenge). We found that older subjects revealed a significantly
lower CBF compared to the younger group (young = 68.2
± 3.9 ml/100 g/min, old = 51.5 ± 3.5 ml/100 g/min,

TABLE 2 | CVR age differences.

Young (%/mmHg) Old (%/mmHg) p t44

WB CVR, (SE)

PC 6.59 (0.41) 5.46 (0.32) 0.046 −2.06

ASL 5.53 (0.37) 5.03 (0.55) 0.31 −1.03

BOLD 0.27 (0.01) 0.28 (0.01) 0.72 0.37

GM CVR, (SE)

ASL 5.74 (0.35) 5.31 (0.60) 0.35 −0.95

BOLD 0.33 (0.01) 0.33 (0.01) 0.95 0.07

WM CVR, (SE)

ASL 5.27 (0.53) 4.86 (0.58) 0.52 −0.65

BOLD 0.19 (0.01) 0.21 (0.02) 0.29 1.07

ASL, arterial spin labeling; BOLD, blood-oxygen-level-dependent; CVR, cerebrovascular

reactivity; GM, gray matter; PC, phase-contrast; SE, standard error; WB, whole-brain;

WM, white matter.

p = 0.0028, t44 = 3.17, Figure 5), consistent with previous
reports (10, 38–40).

DISCUSSION

CVR is known to be a sensitive marker in large vessel diseases,
such as Moyamoya disease and stroke (1, 6, 41, 42), and small
vessel diseases, such as vascular cognitive impairment (43, 44)
and dementia (7, 45) and diabetes (46, 47). Because aging is
a risk factor for many of these diseases, it is important to
characterize age-related changes in CVR. Several studies have
investigated this topic using BOLD signal as the readout for
hemodynamic responses (10–12, 48). However, BOLD signal
reflects a complex interplay between vCBV, CBF, and CMRO2,
thus its quantitative interpretation is not trivial, both in terms of
brain physiology (13, 14) and age-related physiological changes
[e.g., (34)]. Furthermore, there is a non-linear relationship
between blood CO2 content and BOLD signal change (49, 50).
Therefore, a more direct and less complex measurement of
brain hemodynamics is desirable to deliver more quantitative
measurements of CVR. PC MRI and ASL MRI represent
two of the most commonly used CBF techniques, both of

FIGURE 5 | Basal CBF difference between age groups. CBF, cerebral blood

flow; O, old; Y, young.

FIGURE 4 | Scatter plots between CVR values measured with different MRI techniques: (A) ASL and PC CVR. (B) BOLD and PC CVR. (C) BOLD and ASL CVR. The

black lines are the fitting curves. The p-values associated with their correlations are also shown. ASL, arterial spin labeling; BOLD, blood-oxygen-level-dependent;

CVR, cerebrovascular reactivity; GM, gray matter; PC, phase-contrast; WB, whole-brain; WM, white-matter.
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which require no contrast agent and are suitable for dynamic
measurements. ASL measures microscopic perfusion in a region-
specificmanner. However, ASL has a few disadvantages including
lower SNR and its susceptibility to several confounding factors
such as bolus arrival time (51) and labeling efficiency (28),
which are known to change during hypercapnia. On the other
hand, PC MRI measures macroscopic flow velocity in large
vessels (e.g., superior sagittal sinus, internal carotid artery)
and the pulse sequence is relatively straightforward with few
confounding factors. However, this technique provides only
a global measure and does not provide spatial information.
Data from the present study suggested that, although lacking
regional information, PC CVR was able to detect age-related
decreases in CVR, which may be attributed to changes such as
higher vessel stiffness, increased basement membrane thickness,
reduced smooth muscle volume, and impaired astrocyte, or
endothelial function (52, 53). It is worth noting that ASL CVR
significantly underestimated CVR, presumably due to reduced
labeling efficiency during the hypercapnic state (28, 54), and
was unable to identify a significant age reduction. Therefore,
for global assessment, PC CVR provides a sensitive and reliable
measurement of cerebrovascular function. It should also be noted
that PCMRI scan only takes 0.5min for each state, thus is a rapid
pulse sequence compared to ASL or BOLDMRI.

An interesting observation of the present study is that we
showed, for the first time, a voxel-wise ASL CVR map, which
revealed that GM and WM evince similar CVR. It is known
that WM has substantially lower vessel density compared to the
GM (55), often yielding substantially lower WM hemodynamic
parameters than those in GM. This includes vCBV, CBF, and
CMRO2 (39, 56–59). Previous studies of BOLD CVR have also
shown a clear gray-white contrast, with GM having a higher CVR
than WM (2, 10, 12–14). Our results suggest the hypothesis that
this gray-white matter difference might be artifactual, due to the
complexity of the physiology from which the BOLD signal arises.
The results of the present study suggest that there is not a clear
gray-white matter difference in ASL-CVR. Indeed, ROI results
confirmed this finding, revealing equivalent CVR values in these
two tissue types. This is physiologically plausible in that, although
CO2 induced CBF change is lower in WM, its basal CBF is also
lower. Thus, CVR based on fractional changes in CBF is actually
similar between GM andWM.

Our conclusions are tempered by some limitations in this
study. First, a step-breathing paradigm was used in the BOLD
CVR scan instead of the more common block-cycle breathing
paradigm. Step-breathing was used because the BOLD CVR
data were collected simultaneously with the ASL CVR data. A
potential problem with the step breathing paradigm is that it is
not possible to correct any BOLD signal drifts due to gradient
heating or electronic instabilities (60, 61). Thus, the lack of age
effect might be partly attributed to the non-traditional BOLD
paradigm used. Another possible reason for the lack of age
difference in BOLD CVR is that, due to the nature of the pCASL
sequence (e.g., long labeling duration, long post-labeling delay,
and the need for one control and one labeled image), the BOLD
data in the present study had a temporal resolution of 8 s, which is
considerably longer than typical BOLD acquisition of <2 s. This

may have reduced the sensitivity of the BOLD data and resulted
in an absence of age effect. Another limitation is that the pCASL
sequence used a multi-slice 2D EPI, rather than 3D GRASE or
stack-of-spiral, acquisition. This is to allow T2∗ contrast to be
preserved in the signal which is important for the BOLD signal.
However, 3D acquisition would have yielded a higher SNR. A
final limitation is that the data presented in this work were
collected at two different sites, due to our study design. However,
we note that theMRI scanners used at the two sites were identical
in terms of hardware and software configurations and that the
gas-inhalation apparatus was also identical (31).

CONCLUSION

This study compared two quantitative CVR techniques in the
context of brain aging and revealed that PC CVR is a more
sensitive method to detect age differences, despite a lack of spatial
information. The ASL method showed a significant correlation
with PC and BOLD, but it tends to underestimate CVR due to
confounding factors associated with this technique. Importantly,
our data suggest that there is not a difference in CBF-based CVR
between GM and WM, in contrast to previous observation using
BOLDMRI.
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United States, 3Department of Pathophysiology and Transplantation, Università degli Studi di Milano, Milan, Italy

Parkinson’s disease (PD) is a multisystem neurological condition affecting different

neurotransmitter pathways characterized by aberrant functional connectivity (FC) and

perfusion alteration. Since the FC, measuring neuronal activity, and cerebral blood flow

(CBF) are closely related through the neurovascular coupling (NVC) mechanism, we aim

to assess whether FC changes found in PD mirror perfusion ones. A multimodal MRI

study was implemented by acquiring resting state functional MRI (rsfMRI) and arterial

spin labeling (ASL) datasets on a group of 26 early PD (66.8 ± 8 years, 22 males,

median [interquartile range] Hoehn and Yahr = 1.5 [1]) and 18 age- and sex-matched

healthy controls (HCs). In addition, a T1-weighted MPRAGE was also acquired in the

same scan session. After a standard preprocessing, resting state networks (RSNs) and

CBF maps were extracted from rsfMRI and ASL dataset, respectively. Then, by means

of a dual regression algorithm performed on RSNs, a cluster of FC differences between

groups was obtained and used to mask CBF maps in the subsequent voxel-wise group

comparison. Furthermore, a gray matter (GM) volumetric assessment was performed

within the FC cluster in order to exclude tissue atrophy as a source of functional changes.

Reduced FC for a PD patient with respect to HC group was found within a sensory-motor

network (SMN, pFWE = 0.01) and visual networks (VNs, primary pFWE = 0.022 and lateral

pFWE = 0.01). The latter was accompanied by a decreased CBF (primary pFWE = 0.037,

lateral pFWE = 0.014 VNs), while no GM atrophy was detected instead. The FC alteration

found in the SMN of PD might be likely due to a dopaminergic denervation of the

striatal pathways causing a functional disconnection. On the other hand, the changes

in connectivity depicted in VNs might be related to an altered non-dopaminergic system,

since perfusion was also reduced, revealing a compromised NVC. Finally, the absence

of GM volume loss might imply that functional changes may potentially anticipate

neurodegeneration. In this framework, FC and CBFmight be proposed as early functional

biomarkers providing meaningful insights in evaluating both disease progression and

therapeutic/rehabilitation treatment outcome.

Keywords: Parkinson’s disease, resting state fMRI, arterial spin labeling, functional connectivity, cerebral blood

flow, neurovascular coupling

44

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2020.00831
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2020.00831&domain=pdf&date_stamp=2020-08-26
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:apirastru@dongnocchi.it
https://doi.org/10.3389/fneur.2020.00831
https://www.frontiersin.org/articles/10.3389/fneur.2020.00831/full


Laganà et al. Neurovascular Functionality Assessment in PD

INTRODUCTION

Parkinson’s disease (PD) is one of the most frequent
neurodegenerative disorders affecting over four million
people worldwide (1). PD is clinically characterized by
both motor symptoms, such as tremor, bradykinesia, and
rigidity, and non-motor ones, including cognitive impairment,
neuropsychiatric symptoms, and autonomic dysfunction
(2, 3). From a neuropathological point of view, PD can be
considered as a multisystem brain disorder (4, 5) affecting
different neurotransmitter pathways. The dopaminergic
denervation of striatal pathways is considered the cardinal
signature of PD, and it is often linked to motor symptoms (5).
The other pathophysiological feature of PD is the progressive
deposition of α-synuclein in cholinergic and monoaminergic
brain neurons, concurrent with the evolution of Lewy body
pathology (6).

The scientific community has shown a great interest in trying
to identify non-invasive imaging biomarkers that may improve
our understanding of the mechanisms underlying PD. In this
framework, both resting state functional magnetic resonance
imaging (rsfMRI) and arterial spin labeling (ASL) have provided
considerable insights into the neural correlates of PD, detecting
functional connectivity (FC) and cerebral blood flow (CBF)
alterations, respectively.

FC alterations in PD have been extensively reported both in
terms of increased and decreased connectivity (7, 8). Increased
blood oxygen level dependent (BOLD) signal was found in
primary and secondary motor cortices and the middle frontal
gyrus of PD patients (9). On the other hand, decreased FC
was observed in the supplementary motor area (SMA) (10) and
between temporal regions and left occipital cortex and left lingual
gyrus (11). Furthermore, reduced FC in posterior cortical regions
has been associated with global cognitive decline (12), while
the disruption of anticorrelation patterns between the occipito-
parietal areas and the default mode network correlated with
visuospatial deficits in PD (13).

Besides FC changes, perfusion alterations were also observed
in PD (14, 15). Perfusion was found to be reduced in pre-
SMA (16). Reduced CBF was also reported in occipital and
parietal cortices (14, 17), precuneus and cuneus (17), and
frontal cortex (16) bilaterally. Hypoperfusion was hypothesized
to be related to the alteration of cholinergic, serotoninergic,
and noradrenergic neurotransmitter pathways in PD (16, 18,
19). Although several studies reported no perfusion changes
in PD (18, 20, 21), in Pelizzari et al. (21), the resulting CBF
correlated with symptoms severity, while Al-Bachari et al. (18)
revealed a prolonged arterial arrival time confirming an aberrant
neurovascular status of PD.

Since BOLD signal reflects changes in the venous oxygenation
level (22), rsfMRI contrast is closely dependent on CBF (23). The
neuronal activity and cerebral perfusion are strictly related by
means of the physiological mechanism known as neurovascular
coupling (NVC), which enables the prompt adaptation of brain
perfusion to the (local) metabolic demand. Evidence of injury
to both neural innervations and capillaries were reported in
idiopathic PD (19), suggesting that the neurovascular unit is

affected at different levels in PD. For these reasons, cross-talk
between observed FC and CBF alterations in PD cannot
be excluded.

In order to better understand the relationship between
neural activity and perfusion alterations in PD, we conducted a
multimodal MRI study by concurrently assessing FC and CBF by
means of rsfMRI and ASL, respectively. We aimed to investigate
whether the FC changes found in PD reflect perfusion alterations.
Gray matter (GM) volume was also assessed to exclude atrophy
as a confounding factor of functional and perfusion changes.

METHODS

Demographic and Clinical Evaluation
Twenty-six PD patients and 18 age and sex-matched healthy
controls (HC) were enrolled in this study. The inclusion criteria
for the PD patients were as follows: (1) a diagnosis of idiopathic
PD according to the Movement Disorder Society Clinical
Diagnostic Criteria for PD (24); (2) absence of neuropsychiatric
disorders beside PD diagnosis at clinical evaluation; (3) absence
of neurovascular diseases at clinical evaluation, documented also
with previous MRI/CT examination; (4) Positive DaTscan; (5)
mild to moderate stage of the disease with a scoring between
stages 1 and 3 of the Modified Hoehn and Yahr (H&Y) Scale
(25); (6) stable drug therapy with either L-Dopa or dopamine
agonists; (7) freezing assessed with UPDRS part II lower than 2;
and (8) time spent with dyskinesias assessed with UPDRS part
IV lower than 2. HC were included after assessing the absence
of any neurological and/or neuropsychiatric disorder and/or
neurovascular diseases.

All participants were right-handed.
For PD patients, the clinical evaluation included the

quantification of the disease stage with H&Y and the assessment
of the symptom severity with UPDRSmotor part III (UPDRS III)
performed by an experienced neurologist. Moreover, PD patients
were classified as either tremor dominant or akinetic-rigid (26).
Drug administration was recorded, and levodopa equivalent daily
dose (LEDD) was calculated as suggested in Tomlinson et al. (27).

The global cognitive level of all the participants was assessed
with the Montreal Cognitive Assessment (MoCA) test.

The study was performed in accordance with the principles
of the Helsinki Declaration and by previous approval from
the IRCSS Fondazione Don Carlo Gnocchi Ethics Committee.
Written informed consent was signed by each participant.

MRI Acquisition
All the subjects underwent a magnetic resonance imaging (MRI)
examination performed on a 1.5T Siemens Avanto scanner
(Erlangen, Germany) equipped with a 12-channel head coil. The
acquisition comprised: (1) a 3D high-resolution magnetization-
prepared rapid gradient echo (MPRAGE) T1-weighted image
[repetition time (TR) = 1,900ms, echo time (TE) = 3.3ms,
inversion time (TI) = 1,100ms, matrix size = 192 × 256 × 176,
resolution = 1 mm3 isotropic]; (2) a multi-echo resting state
fMRI (ME-rsfMRI) sequence (TR= 2,570ms, TE= 15/34/54ms,
matrix size = 64 × 64 × 31, resolution = 3.75 × 3.75 × 4.5
mm3, 200 volumes); (3) a double-echo GRE field map (TR =
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FIGURE 1 | MRI analysis pipeline. The figure shows the pipeline of MRI analyses. Briefly, the preprocessing is shown in each panel for the different modalities. The

functional results of the comparison between healthy control (HC) and Parkinson’s disease (PD) groups were used as masks of the statistical analysis of perfusion and

gray matter maps.

528ms, TE = 4.76/9.52ms, matrix size = 100 × 100 × 42,
resolution = 3.2 × 3.2 × 3.3 mm3); and (4) a 3D gradient
and spin echo (GRASE) multidelay pseudo-continuous arterial
spin labeling (pCASL) with background suppression sequence
[TR/TE = 3,500/22.58ms, labeling duration = 1,500ms, 5 post-
labeling delays (PLD) = 700/1200/1700/2200/2700ms, 12 pairs
of tag/control volumes, matrix size= 64× 64× 32, resolution=

3.5× 3.5× 5 mm3, distance between the center of imaging slices
and labeling plane= 90 mm].

MRI Analysis
The image processing was performed by means of FMRIB
Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl) toolboxes
5.0.6 if not otherwise specified.

The pipeline of MRI processing is schematized in Figure 1.

Pre-processing of MRI Data

3D-T1 MPRAGE
The MPRAGE, which was used as an anatomical reference
for registration purposes, was skull-stripped by means of bet
toolbox (28), then the SIENAX algorithm (29) was run in order

to segment the brain tissues in GM, white matter (WM), and
cerebrospinal fluid. A voxel-based morphometry (VBM) analysis
(30) was then carried out. Specifically, a symmetrical study-
specific template was created in MNI standard space; then, using
a non-linear registration, individual GM images were aligned to
the study-specific template. Finally, the GM images were spatially
smoothed with σ = 3.

rsfMRI Dataset
Movement parameters were estimated for each subject-specific
ME-rsfMRI dataset by means of FEAT (31). Subjects presenting
with relative movement <0.5mm were excluded from the study.
The first 10 volumes (out of 200) were discarded to allow for
magnetization stabilization.

The rsfMRI dataset was then preprocessed with the ME-
Independent Component Analysis (ICA) algorithm (32, 33).
After standard preprocessing comprising motion correction and
realignment, the MEICA algorithm performed the estimation
of an optimal combination of the three echoes together with
a denoising step, based on the TE dependencies, of the ICA-
derived components. The denoised volume was then aligned
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with the subjects’ MPRAGE by means of a linear transformation
performed using a Boundary-Based registration (BBR) (34, 35).
The BBR simultaneously performed the registration and the
distortion correction using the acquired field map.

MPRAGE images were normalized to the Montreal
Neurological Institute (MNI) atlas using the advanced
normalization tools (ANTs; http://stnava.github.io/ANTs)
(36) and subsequently used to align the functional data to
standard space.

ASL Dataset
The preprocessing of the pCASL dataset included realignment
and motion correction of the original tag and control volumes,
using ANT’s software package. The group of 12 tag and control
volumes acquired with the same delay was then separately
averaged. The estimation and calibration of cerebral blood flow
maps were performed by means of oxford_asl and asl_calib
tools (37) respectively, by setting the required parameters as
follows: T1 of brain tissue = 1.2 s, T1 of blood = 1.36 s, tagging
efficiency = 0.8 accordingly (38, 39). Partial volume correction
was performed using GM and WM masks derived from the
MPRAGE and registered to the ASL space and considering GM
perfusion as 2.5 that of WM, as described in Marshall et al.
(40). Then, corrected CBF maps were non-linearly registered
to the MNI standard space and smoothed with a Gaussian
kernel (σ = 3).

Group Level Analyses
For group analysis, the rsfMRI datasets were then decomposed in
spatial independent components (IC) bymeans of theMELODIC
toolbox (41) setting the dimensionality to 20. The derived IC
were visually classified in order to detect the well-defined Smith’s
resting state networks (RSN) described in Smith et al. (42).
Dual regression (43, 44), one on the group spatial maps and
one on the subject’s time series, was run on the group ICA
derived from the functional dataset and allowed to derive subject-
specific spatial maps. Then the comparison between the PD and
HC groups was implemented through a randomize tool (45)
using threshold-free cluster enhancement (TFCE) with 5,000
permutations. Furthermore, in the PD patient group, a partial
correlation (age and sex as covariates) between z-values extracted
from the clusters of significant FC differences and UPDRS III
was performed.

In order to understand if the FC changes were accompanied
by perfusion or volumetric alterations, we also performed a
voxel-wise analysis of CBF and GM volume, comparing PD and
HC in the areas of FC differences. The statistics were carried
out by means of the randomize tool with 5,000 permutations
and cluster detection with TFCE (45), and were restricted
within the cluster of significant FC difference between the two
groups (Figure 1), using them as masks. The percentage of
the altered FC cluster that reported CBF differences was also
computed. Finally, in the PD group patients, to test the effect
of levodopa treatment on our perfusion results, we assessed the
correlation between the CBF values of the significant cluster
and LEDD.

TABLE 1 | Demographic characteristic of HC and PD groups.

HC (n = 18) PD (n = 26) p-value

Males n (%) 11 (61%) 22 (85%) 0.077a

Age in years, mean

(SD)

65.6 (8.25) 66.85 (8.0) 0.62b

Disease duration in

years, median (IQR)

– 3 (2) –

UPDRS III, mean (SD) – 21.92 (13.2) –

Tremor-

dominant/Akinetic-rigid

n (%)

– 14 (54%)/12 (46%) –

H&Y, median (IQR) – 1.5 (1) –

LEDD, mean (SD) – 228.2 (139.5) –

MoCA, median (IQR) 26.43 (3.94) 24.84 (3.73) 0.025c

Visuo-spatial 3.9 (0.72) 3.3 (1.32) 0.002*c

Executive 3.77 (1) 2.91 (1.46) 0.015*c

Memory 5 (1) 3 (3) 0.0004*c

Attention 5.76 (0.89) 5.71 (0.46) 0.892*c

Language 5.9 (1.34) 5.27 (0.825) 0.037*c

Orientation 6.04 (0.07) 5.99 (0.31) 0.026*c

a = chi-squared test; b = independent sample t-test; c = Mann–Whitney test. *MoCA

subscores were corrected for multiple comparison using Bonferroni correction resulting

in α = 0.008. MoCA scores were adjusted for age and education when required. SD,

standard deviation; IQR, interquartile range; UPDRS III, Unified Parkinson’s Disease Rating

Scale—Part III; H&Y, Hoehn and Yahr; LEDD, levodopa equivalent daily dose; MoCA,

Montreal Cognitive Assessment. Significant p-values are highlighted in bold.

RESULTS

Sample Demographic and
Neuropsychological Evaluation
Demographic data and neuropsychological scores are reported
in Table 1 for the two groups. PD patients and HCs were age-
and sex-matched at the group level; the clinical phenotype of
patients was tremor-dominant in 54% and akinetic-rigid in 46%.
Five patients were treated with antidepressant (mirtazapine or
escitalopram or duloxetine), and only three patients were taking
low dose of benzodiazepine (prazepam or alprazolam). The
overall cognitive performance was in the range of normality for
both HC and PD. However, the comparison between the MoCA
total score of HC and PD revealed a significant reduction in PD
(26.4 vs. 24.8, p = 0.025) and in the subscores of visuospatial (p
= 0.002) and memory (p < 0.001) functions (Table 1). None of
the enrolled subjects was excluded for excessive movements.

Functional Connectivity Results
Eleven ICs out of 20 were classified as RSN according
to Beckmann et al. (46) and are reported in
Supplementary Figure 1.

Significantly lower FC was observed for PD patients within
the sensory-motor network (pFWE = 0.01) and within the
primary (pFWE = 0.022) and lateral (pFWE = 0.01) visual
RSNs (Figure 2A). The maximum peak, the extension, and
the localization of the clusters of significant FC difference are
reported in Table 2.
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FIGURE 2 | MRI results. The results of functional and perfusion MRI analyses are reported in the figure. (A) The functional changes (FC HC > FC PD in green) within

the resting state networks (red-yellow). (B) The perfusion changes (CBF HC > CBF PD in red) overlapped to the functional network (red-yellow). (C) The overlap

between functional (green) and perfusion (red) clusters of significant differences. All the reported p-values are FWE corrected.

Furthermore, the partial correlation showed a negative trend
(p = 0.06, r = −0.38) between the z-values of the sensory-motor
network and the UPDRS III score for PD patients.

Perfusion Results
Perfusion alterations were found both within primary (pFWE

= 0.037) and lateral (pFWE = 0.014) visual networks, whereas
no difference in CBF was detected in the sensory-motor
one (Figure 2B). The maximum peak, the extension, and the
localization of the clusters of CBF significant difference are
reported inTable 3. The percentage of the overlap resulted in 46%
and 74% of voxels for primary and lateral visual components,
respectively (Figure 2C). The alteration in CBF did not correlate
with any clinical variable, and no significant relationship between
the CBF values of the significant CBF clusters and LEDD
variables was found (r = 0.063, p = 0.763 for primary visual
network and r = 0.141, p= 0.502 for the lateral visual one).

VBM Results
No GM atrophy was found concurrent with the functional
alteration for our cohort of early PD patients when compared
to HC.

DISCUSSION

The present work aimed to study the relationship between
changes in FC and altered perfusion reported in PD. To do so,
we concurrently assessed FC and CBF in a cohort of early PD

patients and HC by means of rsfMRI and ASL, respectively. FC
changes were found in the sensory-motor and visual cortices of
our PD patients. Interestingly, the FC alterations within the visual
cortex were also accompanied by altered CBF.

The significant FC reduction that we observed in the SMN
extended between pre- and post-central gyri and also comprised
part of the middle frontal gyrus. Consistently, other studies
using an ICA-based approach had previously evidenced changes
in FC specific to the SMN in resting conditions. Canu et al.
showed a decreased connectivity within the SMA and primary
motor cortex, belonging to the SMN, in PD compared to
HC (47), confirming previous findings of reduced SMA FC
(48). Moreover, the aberrant FC pattern that we detected in
our sample was linked to symptom severity measured using
MDS-UPDRS III. We hypothesized that the altered SMN FC
might be related to a disconnection of the striatal pathways
following dopaminergic denervation. In fact, paralleling the
neuropathological progression of PD, decreased FC between
cortical and subcortical motor areas involving the dopaminergic
corticostriatal loop has been reported (49).

In this study a significant FC decrease was also observed
in primary (lingual gyrus and intracalcarine cortex) and lateral
(inferior lateral occipital cortex, specifically occipital pole, and
fusiform gyrus) VNs. The key regions of the primary visual areas
are related to visual awareness, whereas the secondary visual
network is involved in visual experience (50). Our findings point
to dysfunction not only of the primary visual system but also
of higher visual processing areas in the extrastriate cortex. The
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TABLE 2 | Functional connectivity differences.

RSN Dimension [voxels] Harvard–oxford atlas Position (COG) Minimum p-value Peak

x[mm] y[mm] z[mm] x[mm] y[mm] z[mm]

Primary visual 605 Lingual G., intracalcarine C. 2.88 −78.1 3.84 0.022 0 −80 −4

Lateral visual 459 Occipital pole −21.5 −95.7 −1.99 0.018 −20 −102 −8

302 Occ. fusiform G. −25.6 −78.8 −14.7 0.01 −30 −78 −18

Sensory motor 968 Post/Pre-central G. −48 −12.3 36.8 0.01 −64 0 20

304 Post/Pre-Central G. 61.3 −3.18 22.5 0.02 64 2 20

103 Post-central G. 50.9 −15.3 49.3 0.03 52 −20 52

51 Central opercular C., hescl G. −50.9 −11.8 8.12 0.032 −50 −14 6

18 Post/Pre-Central G. −26.7 −27.2 60.3 0.024 −26 −26 60

13 Inferior frontal G. −40 25.2 22.1 0.028 −40 24 20

11 Post/Pre-central G. 37.6 −20 57.5 0.04 98 −20 58

10 Precentral G, middle frontal G. −39.4 −3.2 57.2 0.02 −38 −4 56

Cluster of significant differences (HC > PD) in functional connectivity within resting state networks. Only the cluster with an extension ≥10 voxels are shown in the table. The coordinates

reported refer to MNI standard space. RSN, resting state network; COG, center of gravity; G, gyrus; C, cortex.

TABLE 3 | Perfusion differences.

RSN Dimension [voxels] Harvard–oxford atlas Position (COG) Minimum p-value Peak

x[mm] y[mm] z[mm] x[mm] y[mm] z[mm]

Primary visual 279 Lingual G., intracalcarine C. −1.15 −77.5 3.23 0.037 −6 −88 −4

Lateral visual 328 Occipital pole −24.5 −95.4 −0.58 0.014 −22 −104 0

247 Occipital fusiform G. −27.4 −78.6 −15.6 0.019 −34 −78 −16

Cluster of significant differences (HC > PD) of perfusion within the cluster of functional connectivity changes. Only the cluster with an extension ≥10 voxels are shown in the table. The

coordinates reported refer to MNI standard space. RSN, resting state network; COG, center of gravity; G, gyrus; C, cortex.

decreased activity of the primary visual network is probably due
to specific PD-associated retinopathy targeting the striate visual
areas (51). The functional alteration of the extrastriate visual
pathways is supported by the significantly lower visuospatial
performances (as assessed using MoCA subscales) that were
found in our PD patients with respect to HC.

Similar FC changes have already been reported in literature
(11, 52). Interestingly, the decreased connectivity within the
primary and lateral VNs was accompanied by a significant CBF
reduction. Our perfusion results are in line with previous studies
quantitatively investigating vascular alteration in PD by means
of ASL (16, 17, 53) or other modalities (14). Specifically, Melzer
and colleagues reported preserved perfusion in post- and pre-
central gyri, while perfusion was reduced in the posterior parieto-
occipital cortex, similarly to Syrimi et al. (53). Abe et al. (14) also
found reduced CBF in the same region bymeans of single-photon
emission computed tomography.

The functional and perfusion changes were extensively
concurrent in the visual RSN, with an overlap ranging from 46%
to 74% in our PD sample. The hypoperfusion that we found in
occipital areas concurrently to a decrease in FCmay be indicative
of a possible impairment of the NVC mechanism in PD. It
has been previously proposed that CBF reductions might be
due to modifications of non-dopaminergic transmitter systems
(specifically cholinergic, serotoninergic, and noradrenergic) and
their neurovascular innervation of the neocortex (16, 18, 19, 54).
Contextually, Shimada et al. (55) reported an alteration of the

cholinergic system in PD patients without dementia, which was
most significant in the medial occipital cortex. According to
Braak staging (56), neuronal cholinergic degeneration occurs
at the same stage of nigral pathology, which characterizes
relatively early phases of the disease. Thus, we hypothesize that
structural and microstructural changes in the noradrenergic and
cholinergic system nuclei at this stage of the pathology may be
the cause of the alteration of the coupling between neural activity
and blood flow observed in visual areas of our early PD patients
[H&Y median (IQR), 1.5 (1)].

Furthermore, the FC and CBF alterations in VNs were not
accompanied by local GM atrophy, suggesting that functional
changes occur prior to tissue loss. Evidence from recent studies
reporting CBF reductions at the early stage of the disease
in cortical regions without manifested pathology (16, 57)
supports this hypothesis. Moreover, Fernandez-Seara et al. (16)
demonstrated that there is not a direct correspondence between
GM atrophy and hypoperfusion, with the latter being more
extensive throughout the brain.

One of the main drawbacks regarding FC studies in PD
is the heterogeneity of the results presented in the literature,
likely due to clinically variegated samples of patients and
different methodological approaches. For these reasons, in the
present study, we used a well-established data-driven ICA-
approach together with a dual regression analysis. This method
investigates all the GM voxels and exploits the simultaneous
analysis of several subjects, thus increasing the signal-to-noise

Frontiers in Neurology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 83149

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Laganà et al. Neurovascular Functionality Assessment in PD

ratio (58). This study is not without limitations. First, a 1.5T
field scanner was employed for data acquisition. Despite being
extensively used in the clinical setting, 1.5T MRI has relatively
low signal-to-noise ratio. For this reason, both the rsfMRI
and ASL sequences were set to partially mitigate this problem.
Specifically, a multi-echo rsfMRI sequence was employed to
improve the image contrast and to reduce image distortions
by means of an optimal combination of the volumes acquired
at three different echo times (32). For what concerns the ASL
sequence, a pseudocontinuous acquisition scheme was used,
together with a background suppressed 3D gradient and spin
echo readout, aiming to enhance both SNR and signal tagging
efficiency, as recommended by international guidelines (59).
Another limitation of the study is the relatively small size of the
sample, which may have prevented us from showing significant
correlations between clinical and neuroimaging parameters.
Furthermore, levodopa and benzodiazepines/antidepressants
may interfere with fMRI (60, 61) and CBF analysis (62, 63).
However, a group of clinically homogeneous patients, under
stable pharmacological treatment, was considered, and when we
tested the effect of levodopa treatment on our perfusion results,
no significant relationship between the variables was found.
Finally, only MoCA scores and subscales were available for our
sample, so the addition of more precise neuropsychological tests
should be considered.

Altogether, our results suggest that MRI-derived measures,
such as FC and CBF, may constitute valuable biomarkers
to detect early neurovascular dysfunction occurring in PD
prior to structural modification in terms of GM atrophy.
Since FC and CBF provide complementary information about
the neurovascular unit physiology, concurrently assessing
both of them is crucial. Multimodal longitudinal studies are
warranted to better understand the evolution of neurovascular
dysfunction along with PD disease progression and to monitor
treatment-related changes due to pharmacological and/or
rehabilitative interventions.
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the Clinical Translational Science Institute, State University of New York, Buffalo, NY, United States, 4 Istituto di Ricovero e
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Background: Several studies suggested cross talk among components of hemostasis,

inflammation, and immunity pathways in the pathogenesis, neurodegeneration, and

occurrence of cerebral microbleeds (CMBs) in multiple sclerosis (MS).

Objectives: This study aimed to evaluate the combined contribution of the hemostasis

inhibitor protein C (PC) and chemokine C-C motif ligand 18 (CCL18) levels to brain

atrophy in MS and to identify disease-relevant correlations among circulating levels

of hemostasis inhibitors, chemokines, and adhesion molecules, particularly in CMB

occurrence in MS.

Methods: Plasma levels of hemostasis inhibitors (ADAMTS13, PC, and PAI1), CCL18,

and soluble adhesionmolecules (sNCAM, sICAM1, sVCAM1, and sVAP1) were evaluated

by multiplex in 138MS patients [85 relapsing-remitting (RR-MS) and 53 progressive

(P-MS)] and 42 healthy individuals (HI) who underwent 3-T MRI exams. Association of

protein levels with MRI outcomes was performed by regression analysis. Correlations

among protein levels were assessed by partial correlation and Pearson’s correlation.

Results: In all patients, regression analysis showed that higher PC levels were

associated with lower brain volumes, including the brain parenchyma (p = 0.002), gray

matter (p < 0.001), cortex (p = 0.001), deep gray matter (p = 0.001), and thalamus

(p = 0.001). These associations were detectable in RR-MS but not in P-MS patients.

Higher CCL18 levels were associated with higher T2-lesion volumes in all MS patients

(p = 0.03) and in the P-MS (p = 0.003). In the P-MS, higher CCL18 levels were also

associated with lower volumes of the gray matter (p = 0.024), cortex (p = 0.043), deep

gray matter (p = 0.029), and thalamus (p = 0.022). PC-CCL18 and CCL18-PAI1 levels

were positively correlated in both MS and HI, PC–sVAP1 and PAI1–sVCAM1 only in

MS, and PC–sICAM1 and PC–sNCAM only in HI. In MS patients with CMBs (n = 12),
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CCL18–PAI1 and PAI1–sVCAM1 levels were better correlated than those in MS patients

without CMBs, and a novel ADAMTS13–sVAP1 level correlation (r = 0.78, p = 0.003)

was observed.

Conclusions: Differences between clinical phenotype groups in association of PC

and CCL18 circulating levels with MRI outcomes might be related to different aspects

of neurodegeneration. Disease-related pathway dysregulation is supported by several

protein level correlation differences between MS patients and HI. The integrated

analysis of plasma proteins and MRI measures provide evidence for new relationships

among hemostasis, inflammation, and immunity pathways, relevant for MS and for the

occurrence of CMBs.

Keywords: multiple sclerosis, neurodegeneration, cerebral microbleeds, hemostasis inhibitors, adhesion

molecules

INTRODUCTION

In multiple sclerosis (MS) pathogenesis, blood–brain barrier
(BBB) disruption and vascular changes interact in a vicious
cycle with altered immune trafficking and the inflammatory
processes, supported by adhesion molecules and chemokines (1–
3). Several studies also suggested the cross talk of immunity
and inflammation with hemostasis, potentially reflected in MS
pathogenesis and progression of neurodegeneration (4).

Plasma levels of protein C (PC) have been associated with
neurodegenerative magnetic resonance imaging (MRI) outcomes
in MS patients (5). Among hemostasis components, PC has
coagulation inhibitor activity and also anti-inflammatory
and cell protective properties (6). Activated PC might inhibit
leukocyte adhesion and transmigration, downregulating
endothelial expression of intercellular adhesion molecule-1
(ICAM1) and vascular cell adhesion molecule-1 (VCAM1)
(7, 8). In MS-related vascular changes, circulating soluble (s)
forms of cell adhesion molecules (CAMs) can result from
activated membranes shedding in response to endothelial
damage (9).

Neurodegenerative outcomes in MS patients have been also
associated with higher plasma levels of C-C motif ligand 18
(CCL18), a chemokine involved in immune cell chemotaxis
(10). To note, inflammatory cytokines favor the expression
of plasminogen activator inhibitors-1 (PAI1) (11), the key
fibrinolysis inhibitor, which counteracts the dissolution of the
fibrin clot and may contribute to perturbed fibrinolysis in MS
cerebral tissue (12, 13). Interestingly, significantly higher levels of
CCL18 and of PAI1 have been reported in MS patients (10, 14).

Among the main regulators of hemostasis, the disintegrin-
like and metalloprotease with thrombospondin type 1 motif 13
(ADAMTS13) has been suggested to support vascular integrity
(14–16), and ADAMTS13 function has been reported to be also
affected by inflammatory profiles (15, 17).

The progressive failure of BBB integrity might have the
pathological features of cerebral microbleeds (CMBs) (18),
revealed by MRI analysis and associated with worsening of
physical and cognitive disability in MS (19). Lower plasma levels

of ADAMTS13 in MS and particularly in those with CMBs (14)
together with higher levels of soluble vascular adhesion protein 1
(sVAP1) (20) have been reported.

Taking advantage of main findings reported in our previous
studies, focused on different biological pathways and performed
on the same MS cohort, we hypothesized that circulating
concentration of hemostasis inhibitors could participate in the
immunity and inflammation MS-related network. To assess this
hypothesis, in the current study, (i) we evaluated the combined
contribution of themain coagulation inhibitor PC and the CCL18
chemokine levels to MS brain atrophy, (ii) we compared PC
and CCL18 plasma concentrations for their ability to explain
the observed neurodegeneration, and (iii) we investigated the
correlations among circulating levels of hemostasis inhibitors
(PC, ADAMTS13, and PAI1), CCL18, and adhesion molecules
[sICAM, soluble neural CAM (sNCAM), sVAP1, and sVCAM1],
particularly in relation to CMBs.

METHODS

Study Population
The population used for this analysis included 138MS patients
and 42 healthy individuals (HI) derived from the CEG-MS
study. Details on the collection, diagnosis, and demographics
of this cohort have been previously described (14). The study
protocols were approved by the institutional review boards
of the University at Buffalo (USA) (ID:MODCR00000352)
and the University/Hospital of Ferrara (Italy) (ID:170585). All
participants provided informed consent.

Plasma Assay
Multiplex magnetic-bead technology (Luminex R&D Systems
Inc., Minneapolis, MN, USA; Merck Millipore, Darmstadt,
Germany) was used to measure the following panel of hemostasis
inhibitors, chemokines, and adhesion molecules: ADAMTS13,
PC, PAI1, CCL18, sICAM1, sNCAM, sVAP1, and sVCAM1
(10, 14, 20, 21).
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TABLE 1 | Demographic and clinical characteristics of the cohort.

N Female (%) Age, year Disease duration, year EDSS Annual relapse rate

All MS 138 100 (72.5) 54.3 ± 10.8 21.1 ± 10.6 3.5 (2.0–6.0) 0.2 ± 0.4

RR-MS 85 60 (70.6) 50.1 ± 10.7 17.0 ± 8.8 2.0 (1.5–3.5) 0.2 ± 0.4

P-MS 53 40 (75.5) 60.9 ± 7.2 27.6 ± 10.0 6.0 (4.0–6.5) 0.1 ± 0.3

MS with CMBs 12 6 (50) 60.8 ± 8.8 25 ± 11.3 4.0 (3.5–6) 0.1 ± 0.1

HI 42 31 (73.8) 51.0 ± 14.3 n.a. n.a. n.a.

MS vs. HI

p-value

0.99 0.11 – – –

RR-MS vs P-MS

p-value

0.56 <0.001 <0.001 <0.001 0.002

All continuous variables are shown as mean ± standard deviation. The ordinal EDSS is shown as median (interquartile range).

MS, multiple sclerosis; RR-MS, relapsing-remitting multiple sclerosis; P-MS, progressive multiple sclerosis; CMBs, cerebral microbleeds; HI, healthy individuals; N, number; EDSS,

Expanded Disability Status Scale; n.a, not applicable.

Magnetic Resonance Imaging Acquisition
and Image Analysis
Brain MRI was performed by 3-T GE Signa Excite HD 12.0
scanner (Milwaukee, WI, USA) with an eight-channel head and
neck coil. Details of the acquisition protocol and MRI analyses
were previously provided (5, 14) and here reported.

Acquisition of two-dimensional (2D) T2/PD-weighted
images (WI), fluid-attenuated inversion recovery (FLAIR),
spin-echo T1-WI with and without gadolinium contrast,
and a three-dimensional (3D) high-resolution T1-WI was
performed. 2D sequences were collected using a 256 ×

192 matrix and 256 × 192 mm2 field of view (FOV),
resulting in a nominal in-plane resolution of 1 × 1 mm2.
For the whole-brain coverage, 48 gap-less 3-mm-thick slices
were acquired. The sequence-specific parameters were as
follows: dual fast spin echo (FSE) proton density and T2-
WI (TE1/TE2/TR = 9/98/5,300ms; echo-train length = 14),
4:31min long; FLAIR (TE/TI/TR = 120/2,100/8,500ms; flip
angle = 90◦; echo-train length = 24), 4:16min long; and spin-
echo T1-WI (TE/TR = 16/600ms), 4:07min long. Last, a 3D
high-resolution T1-WI fast spoiled gradient echo sequence with
a magnetization-prepared inversion recovery pulse was obtained
(TE/TI/TR = 2.8/900/5.9ms, flip angle = 10◦), 4:39min long,
with 184 slices of 1 mm.

For the image analysis, a semi-automated edge detection
thresholding technique was used to assess T2- and T1-LV, as
previously reported (22). Prior to tissue segmentation, lesion
filling was utilized to minimize the impact of T1 hypointensities.
SIENAX software (version 2.6) was used to calculate normalized
volumes of whole brain (WBV), gray matter (GMV), white
matter (WMV), cortex (CV), and lateral ventricles (LVV). Deep
GMV (DGMV) and thalamic volume were calculated using
FIRST (23) and subsequently normalized using the SIENAX-
derived scaling factor (24).

The CMB analysis was performed on susceptibility-weighted
imaging (SWI) minimum-intensity projection images and
susceptibility maps. CMBs were classified as focal, small,
and round to ovoid punctuate areas of signal hypointensity
on SWI minimum-intensity projection images, as previously
reported (19). Signal voids caused by sulcal vessels, calcifications,

and signal averaging from bone were considered mimics of
microbleeds. The presence and number of definite CMBs
were determined on SWI minimum-intensity projection images
by using the Microbleed Anatomic Rating Scale (25). The
CMB volume was calculated on susceptibility maps by using
a semiautomated edge detection contouring and thresholding
technique (22).

Statistical Analyses
Analyses were performed using SPSS (version 24, IBM, Armonk,
NY, USA). Demographic and clinical variables were compared
using χ

2, Student’s t-test, or Mann–Whitney U-test.
To evaluate the contribution of PC and CCL18 to MS brain

atrophy, multiple regression analysis was conducted with each
MRI characteristic used as the dependent variable while age,
sex, body mass index (BMI), and the plasma protein levels were
predictor variables. The first block included the forced entry of
age, sex, and BMI; and the second block included the stepwise
entry of PC and CCL18 natural logarithmic values. To further
determine the findings’ validity, multivariate regression analysis
by enter method with 1000-sample bootstrapping procedure
was performed.

Association analysis of logarithmic values of protein levels
in MS patients and HI was performed by partial correlation
with 1000-sample bootstrapping procedure, using age and sex as
covariates. Due to the low number of MS patients with CMBs,
Pearson’s correlation with 1000-sample bootstrapping procedure
was used to assess associations among logarithmic values of
protein levels.

All reported p-values are based on two-tailed statistical tests,
with a significance level of 0.05.

RESULTS

Demographic, Clinical, and MRI
Characteristics
Table 1 summarizes the demographic and clinical characteristics
of the study population. There were no significant differences
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TABLE 2 | MRI characteristics of the study population.

T2-LV T1-LV WBV WMV GMV CV LVV DGMV Thalamus volume

All MS 15.8 ± 19.0 2.9 ± 6.2 1,438 ± 92.1 710.4 ± 44.5 727.6 ± 61.1 591 ± 48.6 55.1 ± 27.0 53.6 ± 7.1 17.7 ± 2.5

RR-MS 11.8 ± 15.9 2.0 ± 4.6 1,469 ± 82.4 721.8 ± 41 747 ± 56.9 606 ± 44.8 50.7 ± 25.2 55.5 ± 6.5 18.4 ± 2.3

P-MS 22.2 ± 21.9 4.4 ± 8.1 1,387 ± 85.2 691.5 ± 44.1 695.8 ± 54.4 567 ± 44.8 62.3 ± 28.5 50.4 ± 6.9 16.5 ± 2.4

RR-MS vs. P-MS

p-value

0.016 0.075 0.001 0.001 0.018 0.028 0.23 0.007 0.008

Lesion and brain volumes are expressed inmilliliters and reported asmean values± standard deviation. ANCOVAwith age and sex as covariates was used for comparison of MRI volumes.

MS, multiple sclerosis; RR-MS, relapsing-remitting multiple sclerosis; P-MS, progressive multiple sclerosis; LV, lesion volume; WBV, whole brain volume; WMV, white matter volume;

GMV, gray matter volume; CV, cortical volume; LVV, lateral ventricular volume; DGMV, deep gray matter volume.

in any demographic characteristics between the MS and
HI groups.

The progressive (P)-MS group comprised 46 secondary-
progressive MS patients and seven primary-progressive MS
patients. As expected, P-MS patients were older than relapsing-
remitting (RR)-MS patients (p < 0.001), and the RR-MS and
P-MS groups differed in clinical characteristics and brain MRI
measures (Table 2).

Measures of Protein Levels and
Neurodegeneration: An Integrated Model
To evaluate the combined contribution on MRI characteristics
of PC and CCL18 levels, previously found to be associated
with neurodegeneration in two separate investigations on the
same MS patient cohort (5, 10), integrated regression analyses
were performed.

To normalize data, regression analyses were conducted using
natural logarithmic values of PC and CCL18. In the whole MS
population, higher PC levels were associated with lower GMV,
CV, DGMV, and thalamic volume (Table 3). PC alone was able
to predict 37, 36, 22, and 25% of total variation of GMV, CV,
DGMV, and thalamic volume, respectively. In this model, one
logarithmic unit (∼2.7 ng/ml) increase in PC was associated with
decrease in GMV (40.9ml), in CV (28.9ml), in DGMV (4.79ml),
and in thalamic volume (1.7ml). All associations were confirmed
by bootstrap analysis (Table 3).

In the whole MS population, higher CCL18 levels were
associated with higher T2-lesion volume (LV). CCL18 alone was
able to predict the 10% of total variation of T2-LV, and for one
logarithmic unit (∼2.7 ng/ml) increase in CCL18 was associated
with 8.16-ml increase in T2-LV. This result showed a trend for
significance in bootstrap analysis (p= 0.057).

Sub-analysis of clinical phenotype groups indicated that PC
and CCL18 levels were predictors of variation of GM-related
volumes in RR-MS and P-MS patients, respectively (Table 3).

In RR-MS patients, one logarithmic unit (∼2.7 ng/ml)
increase in PC was associated with decrease in GMV
(41.2ml), in CV (30ml), in DGMV (5.04ml), and in thalamic
volume (1.7 ml).

In P-MS patients, one logarithmic unit (∼2.7 ng/ml) increase
in CCL18 was associated with decrease in GMV (44.4ml), in CV
(32.4ml), in DGMV (5.8ml), and in thalamic volume (2.1ml)
and with increase in T2-LV (25 ml).

Protein Level Correlations of Protein C and
Chemokine C-C Motif Ligand 18 in Multiple
Sclerosis and Healthy Individuals
In MS patients and in HI, PC levels were positively associated
with CCL18 levels (Table 4).

A focused sub-analysis in clinical phenotype groups showed
that PC-CCL18 levels were correlated in RR-MS patients
(rho = 0.29, p = 0.008, CI 95% = 0.08, 0.48) but not in
progressive patients (rho= 0.23, p= 0.10, CI 95%=−0.04, 0.48).

In both MS patients and HI, CCL18 levels were also positively
associated with PAI-1.

PC was associated with sVAP1 only in MS patients, and with
sICAM1 and sNCAM only in HI.

Protein Level Correlations in Patients With
Cerebral Microbleeds
In MS patients with CMBs, the correlation between CCL18 and
PAI1 (r= 0.85, p= 0.001, CI 95%= 0.74, 0.97) was even stronger
than in MS patients without CMBs (r = 0.26, p = 0.003, CI
95% = 0.10, 0.42). Similarly, in MS with CMBs, the correlation
between PAI1 and sVCAM1 (r = 0.64, p= 0.026, CI 95%= 0.29,
0.94) was better than in MS patients without CMBs (r = 0.21,
p= 0.022, CI 95%= 0.03, 0.36).

Levels of ADAMTS13 were correlated with those of sVAP1
(r = 0.78, p = 0.003, CI 95% = 0.42, 0.96). Correlation
between ADAMTS13 and sVAP1 was detectable neither/nor in
MS without CMBs (r = 0.16, p = 0.86, CI 95% = −0.16, 0.20)
nor in HI (r = 0.26, p= 0.12, CI 95%=−0.10, 0.50).

Scatter plots of protein concentrations inMS patients with and
without CMBs are shown in Figure 1.

DISCUSSION

Our study was aimed at providing an integrated analysis of
plasma levels of hemostasis inhibitors, chemokines, and adhesion
molecules, found associated with MRI findings in an MS cohort.

The main results of this study were (i) the differences between
PC and CCL18 levels in the ability to predict neurodegeneration
in MS patients and (ii) the positive correlation between PC and
CCL18 levels present in diseased and healthy conditions. Both
observations support the hypothesis of a relation between the
hemostasis and chemokine pathways, which might act in the
disease pathophysiology. Our findings in patients are coherent
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TABLE 3 | Association of PC and CCL18 concentrations with MRI characteristics in multiple sclerosis patients.

All MS (n = 138) RR-MS (n = 85) P-MS (n = 53)

PC CCL18 PC CCL18 PC CCL18

rp P rp p R2 β [CI 95%] p# rp p rp p R2 β [CI 95%] p# rp p rp p R2 β [CI 95%] p#

T2-LV / 0.241 0.19 0.030 0.106 [0.5, 17.0]

0.057

/ 0.088 / 0.952 / 0.802 0.43 0.003 0.209 [10.7, 39.4]

0.003

T1-LV / 0.421 / 0.214 / 0.313 / 0.357 / 0.522 0.34 0.021 0.182 [1.7, 1.6]

0.089

WBV −0.27 0.002 / 0.353 0.316 [−90.4, −15.2]

0.006

−0.31 0.006 / 0.803 0.293 [−94.6, −11.7]

0.013

/ 0.274 / 0.112

WMV / 0.166 / 0.436 / 0.224 / 0.845 / 0.645 / 0.747

GMV −0.32 <0.001 / 0.279 0.374 [−63.0, −14.8]

0.006

−0.36 0.001 / 0.760 0.367 [−66.8, −8.0]

0.005

/ 0.380 −0.33 0.024 0.200 [−78.0, −2.8]

0.021

CV −0.28 0.001 / 0.217 0.362 [−48.3, −10.8]

0.002

−0.34 0.003 / 0.922 0.380 [−49.7, −6]

0.009

/ 0.606 −0.30 0.043 0.179 [−60.3, −2.3]

0.027

LVV / 0.381 / 0.105 / 0.226 / 0.430 / 0.758 / 0.109 /

DGMV −0.26 0.001 / 0.052 0.219 [−7.6, −1.9]

0.003

−0.35 0.002 / 0.434 0.246 [−8.3, −1.1]

0.008

/ 0.452 −0.32 0.029 0.127 [−10.9, −0.03]

0.042

Thalamic volume −0.29 0.001 / 0.088 0.248 [−2.7, −0.6]

0.003

−0.36 0.002 / 0.724 0.269 [−2.9, −0.4]

0.006

/ 0.486 −0.34 0.022 0.152 [−4.0, −0.3]

0.039

Regression model: the first block included the forced entry of age, sex, and BMI; and the second block included the stepwise entry of PC and CCL18 natural logarithmic values.

Partial correlation (rp) and p-value from the regression analysis are shown. R2 of the regression model is reported. Predictor variable excluded from the model (/). The 95% confidence intervals (CIs) of β coefficient and the p-value# from

the 1000-sample bootstrapping are reported.

LV, lesion volume; WBV, whole brain volume; WMV, white matter volume; GMV, gray matter volume; CV, cortical volume; LVV, lateral ventricular volume; DGMV, deep gray matter volume; MS, Multiple Sclerosis; RR-MS, relapsing-remitting

multiple sclerosis; P-MS, progressive multiple sclerosis. Significant results are in bold. No significant results are in grey.
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TABLE 4 | Correlations among protein levels in multiple sclerosis patients and healthy individuals.

ADAMTS13 PC PAI1

All MS (n = 138)

CCL18 Rho, [CI 95%] −0.10, [−0.24, 0.06] 0.28, [0.12, 0.44] 0.30, [0.15, 0.44]

p-value 0.24 0.001 <0.001

sICAM Rho, [CI 95%] 0.09, [−0.12, 0.28] 0.03, [−0.13, 0.18] −0.14, [−0.32, 0.03]

p-value 0.286 0.77 0.11

sNCAM Rho, [CI 95%] 0.09, [−0.09, 0.25] 0.01, [−0.15, 0.18] −0.03, [−0.17, 0.09]

p-value 0.31 0.884 0.700

sVAP1 Rho, [CI 95%] 0.07, [−0.11, 0.25] 0.20, [0.05, 0.36] 0.06, [−0.11, 0.23]

p-value 0.39 0.018 0.45

sVCAM1 Rho, [CI 95%] 0.00, [−0.14, 0.17] 0.06, [−0.12, 0.22] 0.25, [0.08, 0.38]

p-value 0.98 0.51 0.004

HI (n = 42)

CCL18 Rho, [CI 95%] 0.25, [−0.09, 0.52] 0.42, [0.17, 0.64] 0.33, [−0.03, 0.66]

p-value 0.13 0.008 0.045

sICAM Rho, [CI 95%] 0.19, [−0.14, 0.41] 0.33, [−0.04, 0.66] 0.30, [0.00, 0.58]

p-value 0.26 0.040 0.066

sNCAM Rho, [CI 95%] 0.21, [−0.11, 0.48] 0.35, [0.02, 0.60] −0.04, [−0.30, 0.24]

p-value 0.22 0.031 0.83

sVAP1 Rho, [CI 95%] 0.26, [−0.10, 0.50] 0.23, [−0.11, 0.56] 0.27, [−0.09, 0.52]

p-value 0.12 0.161 0.11

sVCAM1 Rho, [CI 95%] 0.20, [−0.07, 0.45] 0.27, [0.03, 0.48] 0.21, [−0.17, 0.52]

p-value 0.22 0.097 0.21

Significant correlations are in bold. Correlations present only in MS patients are reported in dark gray cells. Correlations present only in healthy individuals are reported in light gray cells.

ADAMTS13, a disintegrin-like and metalloprotease with thrombospondin type 1 motif 13; MS, multiple sclerosis; HI, healthy individuals; PC, protein C; PAI1, plasminogen activator

inhibitor 1; CCL5, C-C motif ligand 5; CCL18, C-C motif ligand 18; sICAM1, soluble intercellular adhesion molecule; sNCAM, soluble neural cell adhesion molecule; sVAP1, soluble

vascular adhesion protein-1; sVCAM1, soluble vascular cell adhesion molecule 1.

with previous data: (i) PC and CCL18 levels have been positively
associated with neurodegeneration (5, 10), (ii) the proteomic
profiles within chronic active plaques have detected the presence
of the PC inhibitor (26), which binds activated PC, and (iii) high
CCL18 gene expression has been found in the rim of chronic
active MS lesions (27).

The different results of the regression analysis between
the clinical phenotype groups suggest that the circulating
levels of PC and CCL18 might be related to different aspects
of neurodegeneration. The relation of PC levels with GM-
related volumes in whole MS population and RR-MS could
be interpreted as an increase of PC expression-associated with
inflammation. This might represent the response to diffuse
neuronal loss associated with inflammatory and oxidative
injuries, which might occur independently of focal lesions
(28). Our data suggest that in patients with slightly higher
PC concentration, which did not differ from that in HI, the
well-known protective effects of this protein (29, 30) are not
sufficient to counterbalance the ongoing neurodegeneration.
Differently, the association of CCL18with T2-LV in the wholeMS
population, and in particular in P-MS, would be mainly involved
in the neurodegeneration mediated by focal lesions. Moreover,
the association of this cytokine with GM volume loss in P-MS
might be explained by both secondary antegrade (Wallerian) and
retrograde neurodegeneration (31).

These hypotheses are strengthened by the analysis of level
correlation among proteins related to MRI findings in MS
patients, which pointed out the noticeable correlation between
levels of PC and CCL18, both associated with neurodegeneration.
This correlation would suggest factors able to upregulate
expression of both PC and CCL18 by mechanisms that are
only partially known (32–35). On the other hand, it has
been shown that age, sex, BMI, low-density lipoprotein, high-
density lipoprotein, and triglycerides can differentially influence
concentration and activity of PC (36–38). A limitation of our
study is that the plasma sampling conditions prevented the
evaluation of PC activity. However, we expect that higher
total PC levels measured in our study are proportional
to higher PC activity levels. We can only speculate that
mechanism underlying neurodegeneration can affect both
PC and CCL18 levels with partially different pathological
consequences. This novel hemostasis inhibitors–immunity link
is further supported by the positive correlation between PAI1
and CCL18 levels, previously found higher in MS patients
than HI (10, 14). As a matter of fact, increased CCL18
gene expression has been found in the rim of chronic active
MS lesions (27), and increased PAI1 protein in MS lesions
has been associated with impaired fibrin clearance (12, 13),
which would contribute to the chronic inflammation [reviewed
in (4)].
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FIGURE 1 | Correlation of protein concentrations in multiple sclerosis patients with and without cerebral microbleeds. (A) Correlation of protein concentrations in MS

patients with CMBs. Rho, 95% confidence intervals, and p-values from Pearson’s correlation with 1000-sample bootstrapping procedure, using logarithmic values of

protein levels, are reported. (B) Correlation of protein concentrations in MS patients without CMBs. Rho, 95% confidence intervals, and p-values from partial

correlation with 1000-sample bootstrapping procedure with age and sex as covariates, using logarithmic values of protein levels, are reported. ADAMTS13, a

disintegrin-like and metalloprotease with thrombospondin type 1 motif 13; sVAP1, soluble vascular adhesion protein-1; PAI1, plasminogen activator inhibitor 1;

CCL18, C-C motif ligand 18; sVCAM1, soluble vascular cell adhesion molecule 1.

The hemostasis inhibitors–immunity link was even stronger
in the low number of patients with CMBs, who displayed high
correlation between CCL18 and PAI1 levels. The high association
of PAI1 with sVCAM1 extends this molecular relationship to
adhesion molecules. Several differences between MS patients
and HI in PC correlation with sICAM1, sNCAM, and sVAP1
concentrations support dysregulation, associated with the MS
disease, of the adhesionmolecules and PC pathways. The absence
of correlation between PC and sICAM and sNCAM in MS
patients could be reflected in a decreased inhibition of leukocyte
adhesion and transmigration (7, 8).

Based on the high correlation between ADAMTS13 with
sVAP1 detected only in MS patients with CMBs, and on
low ADAMTS13 (14) and high sVAP1 plasma levels (20),
previously observed in the same patients, it is intriguing to
speculate that the ADAMTS13 function could be correlated
to reactive oxygen species (39) produced by VAP1, an
inflammatory adhesion molecule endowed with enzymatic
properties (40). The contribution of ADAMTS13 to cerebral
vascular integrity is supported by finding low ADAMTS13
activity associated with increased risk of dementia (41), ischemic
stroke (42), and subarachnoid hemorrhage (43). On the

other hand, intracranial hemorrhages and adverse neurological
outcome in stroke have been associated with higher activity of
VAP1 (44, 45).

In conclusion, with the limitations of a cross-sectional study
and the low number of MS patients with CMBs, the integrated
analysis of plasma proteins and MRI measures, here reported,
provides evidence for new MS disease-relevant relationships
among hemostasis, inflammation, and immunity pathways.
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Background/Objective: Growing evidence suggests a close relationship between

motor and cognitive abilities, but possible common underlying mechanisms are not

well-established. Atrial fibrillation (AF) is associated with reduced physical performance

and increased risk of cognitive decline. The study aimed to assess in a cohort of elderly

AF patients: (1) the association between motor and cognitive performances, and (2) the

influence and potential mediating role of cerebral lesions burden.

Design: Strat-AF is a prospective, observational study investigating biological markers

for cerebral bleeding risk stratification in AF patients on oral anticoagulants. Baseline

cross-sectional data are presented here.

Setting: Thrombosis outpatient clinic (Careggi University Hospital).

Participants: One-hundred and seventy patients (mean age 77.7 ± 6.8; females 35%).

Measurements: Baseline protocol included: neuropsychological battery, motor

assessment [Short Physical Performance Battery (SPPB), and walking speed], and brain

magnetic resonance imaging (MRI) used for the visual assessment of white matter

hyperintensities, lacunar and non-lacunar infarcts, cerebral microbleeds, and global

cortical and medial temporal atrophies.

Results: Mean Montreal Cognitive Assessment (MoCA) total score was 21.9 ± 3.9,

SPPB total score 9.5 ± 2.2, and walking speed 0.9 ± 0.2. In univariate analyses, both

SPPB and walking speed were significantly associated with MoCA (r = 0.359, r = 0.372,

respectively), visual search (r = 0.361, r = 0.322), Stroop (r =−0.272, r =−0.263), short

story (r = 0.263, r = 0.310), and semantic fluency (r = 0.311, r = 0.360). In multivariate

models adjusted for demographics, heart failure, physical activity, and either stroke

history (Model 1) or neuroimaging markers (Model 2), both SPPB and walking speed
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were confirmed significantly associated with MoCA (Model 1: β = 0.256, β = 0.236;

Model 2: β = 0.276, β = 0.272, respectively), visual search (Model 1: β = 0.350, β =

0.313; Model 2: β= 0.344, β= 0.307), semantic fluency (Model 1: β= 0.223, β= 0.261),

and short story (Model 2: β = 0.245, β = 0.273).

Conclusions: In our cohort of elderly AF patients, a direct association between

motor and cognitive functions consistently recurred using different evaluation of the

performances, without an evident mediating role of cerebral lesions burden.

Keywords: elderly, atrial fibrillation, cognition, motor performance, gait speed

INTRODUCTION

Gait is a complex task involving the integration of several
brain regions, and high-order cognitive functions are currently
recognized to play a role in coordinating and controlling
mobility (1, 2). Aging is known to be related to both cognitive
decline and reduced physical performance. Although these
processes may occur separately, a growing body of literature
suggests the presence of a close relationship between cognitive
and motor dysfunction. Evidence also indicates that walking
impairment could precede cognitive decline, and thereby it may
represent a marker of cognitive status and contribute to an
early identification of subjects at risk of cognitive impairment
(3–5). Possible shared pathological mechanisms underlying this
relationship are not well-established, andmost studies investigate
the hypothesis of a neural overlap determined by the possible
engagement of shared neural circuits (6–8).

Among the cognitive abilities, executive functions and
processing speed are the most commonly associated with
gait dysfunction, with evidence coming both from studies
on healthy older adults and on neurologic patients (9, 10).
Both neurodegenerative and vascular processes are well-known
neurobiological determinants of cognitive decline and could
to some extent contribute to motor impairment. Since gait
disturbances may differ among the various mechanisms related
to the cerebral lesion burden, the interplay between cognitive and
motor dysfunctions and the determination of different profiles
of gait disturbance among the various subtypes of preclinical or
clinical dementia may further contribute to early and differential
diagnoses (11–14).

Atrial fibrillation (AF) is a common cardiac arrhythmia
associated with a high vascular risk factor profile, cardiac
comorbidities, frailty, reduced physical performance, and
increased risk of stroke and cognitive decline (15, 16). Besides
the occurrence of an acute stroke event, mechanisms such
hypoperfusion, inflammation, and endothelial dysfunction may
play a role in the association between AF and cognitive decline
and may also represent possible common denominators of both
vascular and degenerative underlying processes. Furthermore,
preliminary data are emerging also on the association between
AF and reduced mobility in older adults independently of
comorbidities and frailty markers (17–19). Only one recent
study by Marino and colleagues directly assessed the association
between a reduced gait speed and the presence of cognitive

impairment in a population of elderly patients with AF (20).
Their results confirmed such association independently from
several demographic and clinical characteristics, and the
authors concluded that physical changes in gait could be
related to declines in the cognitive domains that regulate
several gait elements as previously documented in literature on
neurologic diseases.

The present study aims to assess in a cohort of elderly patients
with a diagnosis of AF and ongoing anticoagulant therapy:
(1) the association between motor and cognitive performances,
and (2) the influence and potential mediating role of cerebral
lesions burden.

MATERIALS AND METHODS

The Strat-AF study (stratification of cerebral bleeding risk in
AF) is an observational, prospective single-center hospital-based
study aimed at improving the prediction of bleeding risk in
AF patients under treatment with oral anticoagulants (OACs).
Inclusion criteria were age ≥65 years, diagnosis of AF, ongoing
OAC with vitamin K antagonists, or direct OACs, and no
contraindications to MRI. Ethical approval was obtained by
the Ethics Committee of Careggi University Hospital, and
all participants gave written informed consent for inclusion
before enrolment. Consecutive patients referring to Center
of Thrombosis outpatient-clinic of the Careggi University
Hospital of Florence and fulfilling inclusion criteria were invited
to participate in the study. Clinico-radiological follow-up is
still in progress. Study design and methodology have been
previously described (21). At enrollment, data on demographic
characteristics (age, sex, years of education), previous
stroke events, and vascular risk factors and comorbidities
(hypertension, diabetes, dyslipidemia, physical activity, smoking
habits, alcohol consumption, peripheral arterial disease, ischemic
heart disease, myocardial infarction, heart failure) were collected.
Furthermore, according to the study protocol, at baseline
evaluation all participants underwent a comprehensive cognitive
and motor assessment and brain MRI.

Cognitive and Motor Assessment
The neuropsychological battery included the Montreal cognitive

assessment test (MoCA) as a global cognitive functioning test and

6-s level tests for the evaluation of the following domains: verbal
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memory (Rey Auditory-Verbal Learning Test, short-story test),
attention and executive functions (visual search test, Color Word
Stroop), and language (semantic verbal fluency test, sentence
construction test) (21). Neuropsychological tests’ raw scores were
corrected for demographics according to the Italian population
normative data, and then used in the statistical analyses as
continuous variables.

Motor performance assessment included an objective
evaluation by means of the Short Physical Performance
Battery (SPPB) and walking speed (22). The SPPB is a composite
measure designed to assess three aspects of physical performance:
standing balance (the ability to stand for up to 10 s with feet in
side-by-side, semi-tandem, and tandem positions), gait (time to
complete a 4-m walk), and sit-to-stand time (time to rise from a
chair five times). Each task is scored out of four, with the scores
from the three tests summed to give a total, with a maximum of
12 (best performance) and a minimum of 0 (worst performance).

Walking speed was measured on a flat surface, and patients
were instructed to walk for 1min at their usual speed. Walking
speed (meters/seconds) for each patient was calculated.

Neuroimaging Assessment
Brain MRI have been performed on a 1.5 T MRI (Ingenia,
Philips Healthcare, Best, The Netherlands). The MRI protocol
included the following sequences: sagittal T1-weighted spin-echo
[repetition time (TR) = 547ms; echo time (TE) = 12ms; slice
thickness= 5mm; interslice spacing= 0.5mm;matrix size= 320
× 250; field of view (FOV) = 23 cm × 23 cm; number of signals
averaged (NSA)= 1], coronal T2-weighted fast spin-echo (TR=

3347ms; TE= 110ms; slice thickness= 5mm; interslice spacing
= 0.5mm; matrix size= 512× 322; FOV= 22 cm× 22 cm; NSA
= 2); axial fluid-attenuated inversion recovery (FLAIR) [TR =

11,000ms; TE = 125ms; inversion time (TI) = 2800ms; slice
thickness = 5mm; interslice spacing = 0.5mm; matrix size =

384× 204; FOV= 23 cm× 23 cm; NSA= 2]; axial gradient-echo
T2∗ (GRE) [TR= 534ms; TE= 23ms; flip angle (FA)= 18; slice
thickness= 5mm; interslice spacing= 0.5mm;matrix size= 256
× 185; FOV= 23 cm× 23 cm; NSA= 1]; axial diffusion weighted
imaging (DWI) (TR = 3891ms; TE = 75ms; slice thickness =
5mm; interslice spacing = 0.5mm; matrix size = 164 × 162;
FOV= 23 cm× 23 cm;NSA= 2); gradient-echo 3DT1-weighted
(TR = 7.5ms; TE = 3.4ms; TI = 950, slice thickness = 1mm;
matrix size = 256 × 241; FOV = 25.6 cm × 25.6 cm; NSA = 1)
followed by multiplanar reconstruction (MPR) in axial, coronal,
and sagittal planes. Cerebral lesion burden was visually assessed
by a trained and experienced rater using validated scales.

Cerebrovascular lesion burden encompassed markers of small
vessel disease (SVD) and large vessel disease.

- Non-lacunar infarcts were numerically rated on T1-weighted
and FLAIR sequences.

SVD markers were selected and evaluated according to the
STRIVE criteria (23), and included:

-White matter hyperintensities (WMH): rated on axial FLAIR
sequences using the modified Fazekas scale (24), which defines
three different grades of deepWMH severity: mild (single lesions
<10mm; areas of “grouped” lesions <20mm in any diameter),
moderate (single hyperintense lesions between 10 and 20mm;

areas of “grouped” lesions ≥20mm in any diameter; no more
than “connecting bridges” between individual lesions), and severe
(single lesions or confluent areas of hyperintensity ≥20mm in
any diameter).

- Cerebral microbleeds (CMB): rated on axial gradient-echo
T2∗ sequences according to the Microbleeds Anatomical Rating
Scale (MARS) (25).

- Lacunar infarcts: numerically rated on T2 FLAIR sequences.
Further evaluation of cerebral lesion load, included:
- Global cortical atrophy (GCA): rated on axial T1 or FLAIR

sequences using the 0–3 points Pasquier scale (26).
- Medial temporal atrophy (MTA): graded on coronal T1 or

FLAIR sequences using the 0–4 points Scheltens visual scale (27).

Statistical Analyses
Descriptive analyses (frequencies and percentages or means
and standard deviations) were carried out to describe
the total cohort in terms of demographics, vascular risk
factors, comorbidities, history of stroke, and motor, cognitive,
and neuroimaging characteristics. For analyses purposes,
neuroimaging characteristics were dichotomized as follows:
non-lacunar infarcts absent vs. ≥1; WMH absent-mild (Fazekas
score 0–1) vs. moderate-severe (Fazekas score 2–3); cerebral
microbleeds absent vs. ≥1; lacunar infarcts absent vs. ≥1;
global cortical atrophy absent-mild (Pasquier score 0–1) vs.
moderate-severe (Pasquier score 2–3); and mean left and right
MTA Scheltens score 0–1 vs. 2–4.

Univariate analyses (Pearson’s r or point-biserial rpb
correlations) were employed to evaluate the association between
the performances in cognitive andmotor tests, and demographics
(age, sex, and education), vascular risk factors or comorbidities
(hypertension, diabetes, dyslipidemia, physical activity, smoking
habits, alcohol consumption, peripheral arterial disease, ischemic
heart disease, myocardial infarction, heart failure), history of
stroke, and neuroimaging characteristics. Results on the effects of
demographics and vascular risk factors or comorbidities will be
further used to decide for their introduction within multivariate
models of analyses as potential confounders.

For all univariate analyses a conservative significance
threshold of 0.01 was applied.

Independent multivariate linear regression models were
used to evaluate the association between each cognitive test,
considered as the dependent variable, and SPPB total score or
walking speed as the main independent variable controlling for
the influence of the cerebral lesions burden considered either as
clinical history of stroke in Model 1 or as MRI markers (WMH,
CMB, lacunar and non-lacunar infarcts, GCA, and MTA) in
Model 2. All multivariate linear regressions used a full model,
without any selection procedure for the included independent
variables, and Bonferroni corrections for multiple comparisons
were applied at the significance threshold of 0.05.

All analyses were done using the SPSS software version 25.

RESULTS

From September 2017 to March 2019, out of the 194 subjects
enrolled in the Strat-AF study, 170 (mean age 77.7 ± 6.8
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TABLE 1 | Demographic, history of stroke, vascular risk factors, comorbidities,

motor, cognitive, and neuroimaging characteristics of the Strat-AF study cohort

(means and standard deviations or frequencies and percentages).

Total cohort

n = 170

Age (years) 77.7 ± 6.8

Sex (female) 60 (35%)

Education (years) 9.4 ± 4.3

History of stroke 38 (22%)

Hypertension 140 (82%)

Diabetes 22 (13%)

Dyslipidemia 87 (51%)

Physical activity 60 (35%)

Smoking habits 105 (62%)

Alcohol consumption 91 (53%)

Peripheral arterial disease 14 (8%)

Ischemic heart disease 18 (11%)

Myocardial infarction 15 (9%)

Heart failure 25 (15%)

CHA2DS2-VASc score 3.7 ± 1.5

Type of oral anticoagulant

therapy

Vitamin K antagonists

Direct oral anticoagulants

52 (31%)

118 (69%)

SPPB total score 9.5 ± 2.2

Walking speed 0.9 ± 0.2

MoCA 21.9 ± 3.9

Visual search 36.3 ± 7.4

Stroop (time to complete) 28.2 ± 28.7

RAVLT (immediate recall) 36.7 ± 8.5

RAVLT (delayed recall) 6.7 ± 2.6

Short story 14.2 ± 4.7

Sentence construction 19.5 ± 6.4

Semantic verbal fluency 42.4 ± 9.3

White matter hyperintensities Moderate-severe 35 (21%)

Non-lacunar infarcts ≥1 53 (31%)

Lacunar infarcts ≥1 54 (32%)

Cerebral microbleeds ≥1 48 (28%)

Cortical atrophy Moderate-severe 133 (78%)

Medial temporal atrophy Mean ≥ 2 108 (64%)

SPPB, short physical performance battery; MoCA, montreal cognitive assessment,

RAVLT, Rey auditory-verbal learning test.

years, 35% females) completed the baseline MRI protocol and
were included in the present study. Demographic, vascular
risk factors, comorbidities, motor, cognitive, and neuroimaging
characteristics are shown in Table 1. Thirty-eight (22%) patients
had history of stroke, the mean SPPB total score was 9.5
± 2.19, mean walking speed 0.9 ± 0.21, and the mean
MoCA score was 21.9 ± 3.9. Concerning the distributions of
neuroimaging characteristics: a moderate to severe degree of
WMH was present in the 21% of the total cohort, lacunar
infarct in 32%, and CMB in 28%. A moderate to severe
degree of cortical atrophy was observed in 78% of patients.
Non-lacunar infarcts in 31%, and a mean MTA score ≥ 2
in 64%.

Concerning the influence of demographics on cognitive and
motor performances, older age was significantly associated with
a worse performance in both SPPB total score (r = −0.309 p
= 0.001) and walking speed (r = −0.409 p = 0.001), and a
lesser level of education was significantly associated with worse
performances in MoCA (r = 0.200 p = 0.009) and walking
speed (r = 0.215 p = 0.005). Compared to males, females had
a statistically significant worse performance in MoCA (rpb =

−0.338 p = 0.001), short story (rpb = −0.329 p = 0.001), and
semantic verbal fluency (rpb = −0.252 p = 0.001), as well as in
both motor indexes (rpb = −0.245 p = 0.001 for SPPB, rpb =

−0.345 p = 0.001 for walking speed). All demographic variables
were then introduced as independent variables in multivariate
models of analysis.

Taking into account the effect of vascular risk factors and
comorbidities on cognitive and motor performances, univariate
analyses showed a significant association between heart failure
and SPPB total score (rpb = −0.201 p = 0.009), and between
physical activity and performances in MoCA (rpb = 0.231 p =

0.003), SPPB (rpb = 0.278 p = 0.001), and walking speed (rpb
= 0.349 p = 0.001). Heart failure and physical activity were
then introduced as independent variables in multivariate models
of analysis.

Table 2 shows the univariate associations between motor and
cognitive performances. Both indexes of motor performance
were significantly associated with MoCA, visual search, Stroop,
short story, and semantic verbal fluency scores.

The influence of history of stroke on cognitive and motor
performances, and its mediating role on their association, was
further evaluated. In Table 3, the presence of history of stroke
resulted significantly associated with a worse performance on
MoCA, Stroop, and sentence construction tests, as well as with
a reduced walking speed. Multivariate linear regression models
on the association between cognitive tests and indexes of motor
performance taking into account the effect of stroke history are
shown in Table 4 (Models 1). Even after controlling for history of
stroke, both the motor indexes were significantly associated with
MoCA, visual search, and semantic fluency scores in all adjusted
models. The presence of stroke history was confirmed to be
another statistically significant predictor of MoCA performance
in both Models 1, while its associations with Stroop (β = 0.183,
p = 0.017 for SPPB, β = 0.183, p = 0.020 for walking speed)
and sentence construction (β = −0.184, p = 0.020 for SPPB,
β = −0.176, p = 0.028 for walking speed) lost significance
from a statistical point of view according to the correction for
multiple comparisons.

Table 3 shows the association between neuroimaging
characteristics and measures of cognitive and motor
performances by means of univariate correlational analyses.
Among the neuroimaging characteristics, the presence of
non-lacunar infarcts was significantly associated with MoCA
scores and the presence of CMB with visual search test scores. In
both cases, the statistical direction of the association indicated
a worse cognitive performance in patients having at least one
cerebral lesion.

Results from the independent multivariate linear regression
models on the association between each cognitive test and
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TABLE 2 | Association between cognitive and motor performances (univariate analyses: Pearson’s r).

Cognitive domains Cognitive measures Short physical performance battery total score Walking speed

Global cognitive functioning Montreal cognitive assessment 0.359* 0.372*

Attention and executive functions Visual search 0.361* 0.322*

Stroop (time) −0.272* −0.263*

Memory Rey Auditory-Verbal Learning Test (immediate recall) 0.172 0.132

Rey Auditory-Verbal Learning Test (delayed recall) 0.038 0.063

Short story 0.263* 0.310*

Language Sentence construction 0.146 0.166

Semantic verbal fluency 0.311* 0.360*

*Statistically significant at p < 0.01. Bold values are statistically significant.

TABLE 3 | Cognitive and motor performances and their associations with history of stroke and neuroimaging characteristics (univariate analyses: Pearson’s r and

point-biserial rpb correlations).

History of

stroke

WMH Non-lacunar

infarcts

Lacunar

infarcts

CMB GCA MTA

Present Moderate-

severe

≥1 ≥1 ≥1 Moderate-

severe

Mean ≥ 2

Cognitive measures MoCA –0.334* 0.067 −0.231* 0.002 −0.046 0.052 0.027

Visual search –0.078 0.043 −0.065 0.032 −0.239* −0.127 −0.022

Stroop (time) 0.222* −0.031 0.104 −0.057 0.024 0.025 0.091

RAVLT (immediate recall) –0.185 −0.019 −0.135 −0.015 −0.156 −0.028 0.004

RAVLT (delayed recall) –0.141 0.023 −0.046 0.086 0.048 0.096 0.023

Short story –0.147 0.157 −0.149 0.036 0.048 0.007 0.063

Sentence construction –0.208* −0.013 −0.104 −0.057 0.044 −0.004 −0.143

Semantic verbal fluency –0.197 0.059 −0.190 0.064 −0.073 −0.007 −0.042

Motor indexes SPPB total score −0.177 −0.027 −0.141 0.024 −0.084 −0.117 −0.157

Walking speed −0.236* −0.119 −0.192 −0.040 −0.033 −0.159 −0.143

*Statistically significant at p < 0.01.

SPPB, short physical performance battery; MoCA, montreal cognitive assessment, RAVLT, Rey auditory-verbal learning test; WMH, white matter hyperintensities, CMB, cerebral

microbleeds, GCA, global cortical atrophy; MTA, medial temporal atrophy. Bold values are statistically significant.

indexes of motor performance controlling for the effect of
neuroimaging characteristics are shown in Table 4 (Models
2). The associations of both motor indexes with MoCA, and
visual search, and of walking speed with semantic fluency, were
further confirmed to be statistically significant independently
on the effect of neuroimaging characteristics. Furthermore, both
motor indexes were significantly associated with short story. In
multivariate models, the presence of CMB was confirmed to
be another statistically significant predictor of visual search test
performance in both Models 2, while the association between
non-lacunar infarcts and MoCA remained as a trend but lost
statistical significance according to the correction for multiple
comparisons (β = −0.160, p = 0.030 for SPPB, β = −0.156, p
= 0.038 for walking speed).

Finally, taking into account the influence of the other
independent variables in multivariate models, sex was confirmed
as another statistically significant predictor of MoCA and short-
story tests only in Models 1 among demographics, while heart
failure and physical activity were not statistically significant
(Table 4).

DISCUSSION

In this sample of hospital-based older adults with diagnosis
of AF and ongoing anticoagulant therapy for the primary or
secondary prevention of thromboembolism, we examined the
relationship between mobility and cognition by the use of several
objective measures of motor ability and high order cognitive
functions. Our results showed a consistent association between
motor and cognitive performances in our cohort. Specifically,
motor abilities, herein evaluated both as a composite measure
of physical performance and a gait speed measure, resulted as
being associated with global cognitive functioning, attention,
prose memory, and verbal fluency.

This evidence is in line with data from recent systematic
reviews and meta-analyses of cross-sectional studies that
support an association between mobility measures and cognitive
assessments in healthy older adults (1, 7). Convergent evidence
suggests that individuals with better mobility, mainly evaluated
by means of gait speed, perform better on assessments of
global cognition, executive function, processing speed, memory,
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TABLE 4 | Association between the performances in cognitive tests and motor indexes adjusted for history of stroke (Model 1) or neuroimaging characteristics (Model 2),

and demographics, heart failure, and physical activity (all models).

Cognitive measure

(dependent)

Motor index

(independent)

Model 1# Model 2##

B standard Other statistically significant

independent variables

B standard Other statistically significant

independent variables

MoCA SPPB total score 0.256*

–0.206*

–0.262*

Sex

History of stroke

0.276**

Walking speed 0.236*

–0.257* History of stroke

0.272**

Visual search SPPB total score 0.350* 0.344**

−0.226** Cerebral microbleeds

Walking speed 0.313* 0.307**

–0.245** Cerebral microbleeds

Stroop (time to

complete)

SPPB total score −0.196 −0.212

Walking speed −0.152 −0.199

RAVLT (immediate

recall)

SPPB total score 0.187 0.189

Walking speed 0.134 0.119

RAVLT (delayed recall) SPPB total score 0.034 0.051

Walking speed 0.057 0.077

Short story SPPB total score 0.197

–0.248* Sex

0.245**

Walking speed 0.225 0.273**

Sentence construction SPPB total score 0.100 0.094

Walking speed 0.107 0.112

Semantic verbal fluency SPPB total score 0.223* 0.235

Walking speed 0.261* 0.273**

#Multivariate independent models of linear regression adjusted for demographics (age, education, sex), heart failure, physical activity and history of stroke.
##Multivariate independent models of linear regression adjusted for demographics (age, education, sex), heart failure, physical activity, and neuroimaging characteristics (white matter

hyperintensities; non-lacunar infarcts; lacunar infarcts; cerebral microbleeds; global cortical atrophy; medial temporal atrophy).
*Statistically significant at p < 0.007 (Bonferroni correction for multiple comparisons).
**Statistically significant at p < 0.004 (Bonferroni correction for multiple comparisons).

MoCA, montreal cognitive assessment, RAVLT, Rey auditory-verbal learning test, SPPB, short physical performance battery. Bold and italics values represent the statistically significant

beta coefficients of the corresponding variables of the “Other statistically significant independent variables” column.

and language, thus reinforcing the hypothesis of a multifaceted
influence of high-order cognitive abilities.

Among cognitive domains, attention and executive functions
have received considerable interest in studies on the association
between mobility and cognition (9, 10). The rationale of
this interest relies on several potential factors, for example,
the influence of psychomotor and processing speed on
mobility, the attentional and executive demands associated
with motor regulation, and the subcortical brain networks
involvement in frontal lobes functions. Our results seemed to
confirm a reliable association between mobility and cognitive
performances related to attention and executive processes.
Among the cognitive tests taken into consideration in the
present study, those with the most consistent association
with both mobility indexes were MoCA and visual search.
MoCA is a screening test suggested by the National Institute
for Neurological Disorders and Stroke and the Canadian
Stroke Network (NINDS-CSN) to harmonize standards for
the evaluation of vascular cognitive impairment, because it

includes several items assessing executive functions, attention
and concentration (28). The visual search test is a simple
timed selective digit cancellation task that involves focused and
sustained attention together with the attentional control of the
speed/accuracy trade-off.

Considering the specificity of our cohort, that is, elderly
AF patients, our results were in line with those of the only
study that showed a direct association between gait and
cognition in this population (20). Marino and colleagues found
that, among the 1,185 AF participants aged ≥65 years, those
with low gait speed were significantly more likely to have
cognitive impairment independently from several demographic
and clinical characteristics. Also in our cohort, the association
between motor and cognitive performances was confirmed
to be independent of demographics, vascular risk factors,
and comorbidities.

Furthermore, we introduced the potential effect of cerebral
lesions burden within this association, and found its persistence
independently of these factors.
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One recent study by Conen and et al. (29) evaluated the
relationships between cognitive function, assessed byMoCA, and
vascular brain lesions in a large sample of patients with AF (N
= 1,737, mean age 73 ± 8 years). Their results showed a high
burden of vascular brain lesions, mostly related to clinically silent
infarcts. In our cohort, we found a comparable vascular lesion
burden, taking into account also that actually our sample is 4
years older on average. Taking into account the impact of all
different lesions types on cognition, Conen and colleagues found
that only large infarcts were significantly associated with a lower
MoCA performance. In line with this, also in our cohort we
found that non-lacunar infarcts, or history of stroke, influenced
MoCA performance.

Interestingly, in our cohort CMB seemed to consistently
influence the performance on the visual search test. CMBs are
recognized as MRI markers of SVD, and an increasing number
of studies have linked their presence with cognitive decline
(30, 31). Evidence suggest that CMB may play a role in vascular
cognitive impairment, with preliminary data of an influence on
tests sensitive to executive dysfunction, consistent with a possible
effect of CMB on frontal-subcortical circuits. Results in our
cohort seemed consistent with an influence of CMB on focused
and sustained attention. Also, CMBprevalence within our sample
seemed in line with rates reported in studies on patients with
vascular cognitive impairment, and was slightly higher than the
prevalence of 21% reported for the 1,490 adult AF participants of
the CROMIS-2 study (31–34).

Limitations of our study need to be considered. The
present study is based on a secondary analysis of the Strat-
AF study, which is a single center study. The sample size
imposes caution in the interpretation of our results that
cannot be generalized to other populations. Moreover,
the cross-sectional design of the analysis limits further
interpretations of the direction of the association, precluding
causal inferences regarding the relationship between gait
and cognition. Longitudinal data collection is ongoing, and
further prospective analysis will be conducted to elucidate
the role of motor performance as potential predictor of
cognitive impairment.

Another limitation is the neuroimaging assessment based
on visual evaluations of brain MRI. Compared to the use of
quantitative brain volumetric and morphometric measures, our
approach might have reduced accuracy in the quantification
of cerebral lesions burden. Also, CMB have been evaluated
on traditional gradient recalled-echo (GRE) MRI sequences.
The inclusion in the protocol of sequences with higher
resolution, that is, the susceptibility-weighted imaging
(SWI), would have increased the sensitivity in detecting
CMB and probably would have reinforced the association
with cognitive and motor performances. Finally, related
to our limited sample size, we have used a dichotomic
approach for the evaluation of cerebral lesions burden and
this might have potentially underestimated their effect on
clinical outcomes.

Recognized markers for neurodegeneration, specifically
Alzheimer Disease, such as cerebrospinal fluid biomarkers
(amyloid-β and tau proteins concentrations) and positron
emission tomography imaging (FDG and amyloid) are
not available in our cohort (35). The only marker for
neurodegeneration was MTA, and this was not associated
with motor and cognitive performances. Of note, nearly two-
thirds of our sample scored 2 or more on MTA. Despite
the link between AF and cerebral volume loss remains
unclear, possible hypotheses include mechanisms such as
hypoperfusion, inflammation, and endothelial dysfunction,
and thus a possible close interplay between vascular and
neurodegenerative processes.

Last but not least, our approach to gait evaluation was based
on qualitative measures, which on one side are feasible in clinical
setting with minimal costs and time, on the other might be
less sensitive than quantitative gait analysis (e.g., pace, rhythm,
variability, asymmetry, and postural control).

In conclusion, our study has confirmed the existence of
a direct and strong association between motor and cognitive
performances in a population of elderly AF patients, also taking
into account the effect and potential mediating role of cerebral
lesion burden. The determinants and common mechanisms of
this relationship remain unexplained, and further studies are
needed to better characterize the association.
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Purpose: To characterize and predict early post-stroke cognitive impairment by

describing cognitive changes in stroke patients 4–8 weeks post-infarct, determining the

relationship between cognitive ability and functional status at this early time point, and

identifying the in-hospital risk factors associated with early dysfunction.

Materials and Methods: Data were collected for 214 patients with ischemic stroke

and 39 non-stroke controls. Montreal Cognitive Assessment (MoCA) exams were

administered at post-hospitalization clinic visits approximately 4–8 weeks after infarct.

MoCA scores were compared for patients with: no stroke, minor stroke [NIH Stroke Scale

(NIHSS) < 5], and major stroke. Ordinal logistic regression was performed to assess the

relationship between MoCA score and functional status [modified Rankin Scale score

(mRS)] at follow-up. Predictors of MoCA < 26 and < 19 (cutoffs for mild and severe

cognitive impairment, respectively) at follow-up were identified by multivariable logistic

regression using variables available during hospitalization.

Results: Post stroke cognitive impairment was common, with 66.8% of patients scoring

< 26 on the MoCA and 22.9% < 19. The average total MoCA score at follow-up was

18.7 (SD 7.0) among major strokes, 23.6 (SD 4.8) among minor strokes, and 27.2 (SD

13.0) among non-strokes (p = <0.0001). The follow-up MoCA score was associated

with the follow-up mRS in adjusted analysis (OR 0.69; 95% C.I. 0.59–0.82). Among

patients with no prior cognitive impairment (N = 201), a lack of pre-stroke employment,

admission NIHSS > 6, and left-sided infarct predicted a follow-up MoCA < 26 (c-statistic

0.75); while admission NIHSS > 6 and infarct volume > 17 cc predicted a MoCA < 19

(c-statistic 0.75) at follow-up.

Conclusion: Many patients experience early post-stroke cognitive dysfunction

that significantly impacts function during a critical time period for decision-making

regarding return to work and future independence. Dysfunction measured at 4–8

weeks can be predicted during the inpatient hospitalization. These high-risk individuals

should be identified for targeted rehabilitation and counseling to improve longer-term

post-stroke outcomes.

Keywords: stroke, recovery, cognition, rehabilitation, outcomes
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INTRODUCTION

There is a known link between ischemic stroke and long-
term cognitive impairment. The prevalence of dementia in
patients with a history of ischemic stroke is nearly thirty
percent; 3.5–5.8 times higher than in patients without a stroke
history (1). One follow-up study reported that over a quarter
of stroke patients display delayed dementia, while additional
studies using more formalized neuropsychological assessments
such as the Montreal Cognitive Assessment (MoCA) or Mini-
Mental Status Examination have reported rates of cognitive
impairment ranging from 35 to 92% (2–4). Impairment has been
reported to affect multiple cognitive domains (5), though a recent
study evaluating those with transient ischemic attack and minor
stroke found difficulty with executive function and psychomotor
processing to be the most common cognitive deficits (6).
Cognitive dysfunction in stroke patients can result in deficits such
as impaired activities of daily living (ADLs) and instrumental
activities of daily living (IADLs), lost wages, increased health care
costs, loss of independence, and social isolation.

A recent retrospective study showed an association between
MoCA scores documented acutely after stroke and functional
outcome during rehabilitation (6). Our study takes the logical
next step and addresses the ability of in-hospital variables
to predict cognitive impairment and functional status once
patients have been discharged home from the inpatient
setting and are transitioning back to a “normal life.” These
early months represent a critical time when patients and
families make decisions regarding returning to work, living
alone, and functioning independently. Prior studies have
identified numerous factors associated with long-term cognitive
impairment in stroke patients including: white matter disease (7),
lower educational level, older age, female sex, recurrent stroke,
and global cortical atrophy in patients with ischemic stroke and
vascular cognitive impairment (8). But, the ability to predict
cognitive dysfunction that may impact recovery, at the time of
hospitalization, would potentially enable physicians to identify
those at risk for early cognitive decline, before life-altering
decisions are made impacting quality of life.

This study aims to: (1) assess cognition across multiple
domains during the early phase of stroke recovery (first 1–
6 months) among patients with major strokes, minor strokes,
and non-stroke controls using a simple and efficient screen
(the MoCA), (2) confirm the MoCA score at early follow-
up is associated with concurrent functional status (modified
Rankin Scale score), and (3) identify risk factors available
during the stroke hospitalization predictive of early cognitive
impairment at follow-up among those without a prior history of
cognitive impairment.

MATERIALS AND METHODS

This study was approved by our Institutional Review Board and
was performed in accordance with STROBE criteria. Given the
observational nature of the study and that data were collected
as part of routine clinical care and stored in a HIPAA-approved
clinical research database, informed consent was not required.

Any reasonable request for data sharing can be directed to the
corresponding author.

Study Population
A prospectively-collected series of patients presented to the
Johns Hopkins Bayview Stroke Intervention Clinic (BASIC)
in Baltimore, Maryland from January 2013 to August 2018
between 1 and 6 months after hospitalization for a symptomatic,
acute ischemic stroke that was radiographically evident on
noncontrast head computed tomography (CT) or magnetic
resonance imaging (MRI). BASIC is a multidisciplinary stroke
follow-up clinic that typically sees patients 4–8 weeks post-stroke.
Patients are evaluated by a board-certified vascular neurologist
and rehabilitation specialists (as needed). They undergo formal
neurological evaluation along with assessment of mood, fatigue,
cognition, and functional ability. Individuals were excluded
from the study cohort if they were unable to participate in
cognitive testing due to global aphasia, severe visual impairment,
decreased level of alertness, or had intracranial hemorrhage
on neuroimaging (CT or MRI). The MoCA patterns of these
ischemic stroke patients were compared with a cohort of non-
stroke patients with no prior history of neurodegenerative or
psychiatric illness who presented to stroke clinic with diagnoses
of transient ischemic attack, seizure, or migraine.

Defining Cognitive Impairment
At their follow-up clinic visit, all patients underwent a basic
neurological examination and were administered the MoCA,
the validity of which has been demonstrated in stroke patients
(9, 10). The total MoCA score along with scores for each
domain of cognition (visuospatial/executive, naming, attention,
language, abstraction, recall, and orientation) were recorded for
each patient. “Any cognitive impairment” was defined as total a
MoCA score of <26 (11). “Severe impairment” was defined as
total MoCA scores of <19 (12). The MoCA was administered
by trained clinic personnel who were blinded to the patient’s
modified Rankin Scale score during the clinic visit.

Covariates
Demographic, clinical, and radiologic covariates were collected
including: demographics (age, sex, race, marital status, education,
pre-stroke employment status, household income approximated
bymedian income of the patient’s zip code); stroke characteristics
(severity- admission National Institute of Health Stroke Scale
(NIHSS) score, functional status- modified Rankin scale (mRS)
score at baseline, stroke volume, lesion location, degree of
chronic white matter disease, presence of cerebral microbleeds);
and medical history [prior stroke, pre-existing history of
cognitive impairment or dementia, vascular comorbidities,
Charlson Comorbidity Index (13), anti-depressant use].
Modified Rankin Scale score was also documented at the stroke
clinic follow-up appointment by the patient’s neurologist who
was blinded to the patient’s clinic MoCA result.

Neuroimaging
Masked review of available CT and MRI was performed to
calculate stroke volume and other radiographic factors by a
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board-certified vascular neurologist blinded to patient outcomes.
The neuroimaging was obtained during hospital admission. The
volume of a hypodensity on CT or diffusion restriction on MRI
matching the vascular distribution of the clinical stroke was
calculated by the ellipsoid ABC/2 method (14). On MRI, the T2
FLAIR sequence was also utilized to calculate the Cardiovascular
Health Study (CHS) score to estimate the degree of white matter
disease burden or leukoaraiosis using the CHS study library of
templates (15). Studies were graded from 1 (barely detectable
white matter changes) to 8 (extensive, confluent changes). Any
evidence of large vessel infarct or lacunar infarct was excluded
from this classification (16, 17). The presence of cerebral
microhemorrhages by hemosiderin deposits were identified on
gradient echo sequences as lesions ≤10mm in diameter.

Statistical Analysis
All statistical analyses were performed using SAS 9.4 (Cary,
NC). Analysis of variance (ANOVA) testing was performed to
compare total MoCA scores and domain-specific scores among
patients with: no ischemic infarct, minor stroke (admission
NIHSS≤4), andmajor stroke (admission NIHSS>4). Additional
comparisons across groups were performed using ANOVA
testing for continuous variables and Pearson’s Chi-square tests
for categorical variables.

To assess the association between the follow-up total MoCA
score obtained in clinic (the independent predictor of interest)
as well as other factors, and functional status at that timepoint,
we performed univariable and multivariable ordinal logistic
regression analyses given the non-normal distribution of the
variable, mRS. Variables significant in univariable analysis (p
< 0.05) were included in subsequent multivariable logistic
regression analysis along with the MoCA score to adjust for
potential confounders that may contribute to functional status at
follow-up after stroke.

Further analyses were undertaken for the subgroup of
patients with ischemic stroke and no prior history of cognitive
impairment. Univariable logistic regressions were performed
to predict two outcome measures: total MoCA score < 26
and MoCA score < 19. We then created multivariable logistic
regression models using variables significant in univariable
analyses for each outcome if the p-value in univariable analysis
was < 0.2. To prevent overfitting, variables were selected to be
included in the final models by stepwise selection.

RESULTS

Characteristics of Ischemic Stroke

Patients and Non-stroke Controls
Over the recruitment period, 253 patients presented to follow-
up clinic and were eligible for enrollment: 214 ischemic stroke
patients and 39 non-stroke controls. Differences between patients
with major and minor stroke and non-stroke controls are
displayed in Table 1. The non-stroke controls consisted of
patients with the following diagnoses: migraine (N = 16);
transient ischemic attack (N = 10); seizure (N = 7); and post-
concussive headache (N = 1). Patients within the stroke cohort
were significantly older, were less educated, had lower household

incomes, had higher baseline mRS scores, and had more vascular
risk factors compared to the non-stroke cohort, but had similar
degrees of white matter disease compared to controls. Those
with major strokes were less likely to be employed at baseline
than those with minor stroke or mimics. The mean time from
symptom onset to clinic visit was 1.3months for those withminor
strokes and 1.2 months for patients with major strokes. Although
stroke patients were only included if time from stroke to follow-
up was ≤6 months, >80% of stroke patients were evaluated
within 90 days of symptom onset. The mean volume of infarct
was significantly higher among those with major (31.7 cc) vs.
minor (9.8 cc) stroke, and patients with greater stroke severity
were more likely to have suffered a cortical infarct. There was no
difference in leukoaraiosis or microbleed burden among stroke
patients by stroke severity.

Nearly two-thirds (n = 143, 66.8%) of patients with stroke
had a MoCA score of <26 at follow-up; while 49 (22.9%) had a
MoCA score of <19. Numbers were highest in those with major
stroke (n = 60, 82.2% for MoCA < 26; n = 31, 42.5% for MoCA
< 19) compared to minor stroke (n = 83, 58.9% for MoCA <

26; n = 18, 12.8% for MoCA < 19). Cognitive impairment was
also present in a portion of controls, but less common and less
severe (n = 20, 51.3% MoCA < 26; n = 2, 5.1% MoCA < 19).
The average total MoCA score was significantly lower for patients
with major (mean 18.7, SD 7.0) and minor (mean 23.6, SD 4.8)
strokes compared to non-stroke controls (mean 27.2, SD 13.0).
Patients with no stroke performed significantly better across all
cognitive domains with the exception of language compared to
patients with minor stroke, who in turn performed better than
patients with major stroke (Figure 1).

Association Between the Follow-Up MoCA

and Functional Status at That Timepoint
In univariable ordinal logistic regression analysis of patients
with ischemic stroke, the MoCA score in clinic was significantly
associated with follow-up mRS score (Table 2, OR 0.83; 95% C.I.
0.80–0.87). When adjusted for possible confounders including
NIHSS score, demographic, clinical, and radiographic covariates,
the follow-up MoCA score remained an independent and
significant predictor of functional status at that follow-up
timepoint (OR 0.69; 95% C.I. 0.59–0.82; c-statistic 0.93).

Predictors of Follow-Up MoCA Scores
There were 201 ischemic stroke patients with no prior history of
cognitive impairment in our cohort. Of these patients, 132 scored
<26 (any cognitive impairment) and 41 scored <19 (severe
impairment) on follow-up MoCA examination. Univariable
regression analyses of factors predictive of a new diagnosis
of mild cognitive impairment or MCI and severe impairment
are displayed in Table 3. Continuous variables significant in
univariable analyses were then dichotomized using their sample
mean value (age > 65, baseline mRS > 2, Charlson Comorbidity
Index > 3, stroke volume > 17 cc, CHS score > 2, microbleed
> 0) with the exception of admission NIHSS, where a cut
point of 6 was chosen based on previously published work
(18). Multivariable logistic regression modeling with stepwise
selection using the variables significant in univariable analyses
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TABLE 1 | Baseline demographic, clinical, and radiographic characteristics (N = 253).

Variable Minor infarct (N = 141) Major infarct (N = 73) No infarct (N = 39) P-value

Demographics

Age (mean years, SD) 63.2 (14.2) 64.7 (13.8) 57.6 (18.2) 0.047

Male sex (N, %) 59 (41.8) 40 (54.8) 16 (41.0) 0.292

Caucasian race (N, %) 112 (79.4) 33 (84.6) 33 (84.6) 0.144

Education >12th grade (N, %) 72 (55.4) 32 (52.5) 34 (91.9) <0.001

Household median income (mean, SD) 55,130.3 (18,630.7) 52,002.6 (17,930.8) 74,485.0 (30,225.6) <0.001

Employed (N, %) 52 (38.8) 12 (17.1) 14 (35.9) 0.006

Baseline mRS (mean) 1.2 (1.20) 2.3 (1.7) 0.8 (1.1) <0.001

Lives alone (N, %) 23 (16.4) 16 (21.9) 12 (30.8) 0.131

Time to follow-up (mean months, SD) 1.3 (4.9) 1.2 (2.4) – 0.997

Comorbidities

Diabetes (N, %) 59 (41.8) 25 (34.3) 6 (15.4) 0.009

Hypertension (N, %) 109 (77.3) 59 (80.8) 19 (48.7) <0.001

Hyperlipidemia (N, %) 112 (79.4) 52 (71.2) 22 (56.4) 0.014

Active smoker (N, %) 51 (36.2) 35 (48.0) 13 (33.3) 0.178

Prior stroke (N, %) 53(37.9) 33 (45.2) 8 (20.5) 0.036

Prior dementia (N, %) 6 (4.3) 7 (9.6) 2 (5.1) 0.286

Current use of anti-depressant (N, %) 45 (31.9) 34 (46.6) 19 (48.7) 0.043

Charlson Comorbidity Index, mean (SD) 3.4 (2.6) 4.2 (2.6) 1.8 (2.5) <0.001

Clinical metrics

Admission NIHSS (mean, SD) 1.8 (1.3) 9.2 (4.8) – <0.001

Follow-up NIHSS (mean, SD) 1.3 (2.3) 2.7 (3.5) – <0.001

Follow-up mRS (mean, SD) 1.5 (1.3) 2.2 (1.4) – <0.001

Length of stay in days (mean, SD) 4.0 (4.3) 7.6 (6.9) – <0.001

Radiographic characteristics

Stroke volume (mean cc, SD) 9.8 (21.1) 31.7 (54.6) – <0.001

Laterality, left (N, %) 63 (48.8) 30 (42.3) – 0.372

Cortical infarct (N, %) 72 (51.4) 52 (71.2) – 0.005

CHS score (mean, SD) 3.0 (1.8) 3.3 (2.0) 2.7 (1.8) 0.379

Microbleeds present (N, %) 21 (23.9) 16 (36.4) 2 (12.5) 0.127

mRS, modified Rankin score; NIHSS, National Institutes of Health Stroke Severity; CMB, cerebral microbleed; CHS, Cardiovascular Health Study.

yielded 2 separate models predicting MoCA < 26 and MoCA
< 19 (Table 4). Employment prior to stroke (OR 0.28; 95% C.I.
0.12–0.69), admission NIHSS > 6 (OR 4.48; 95% C.I. 1.15–
17.47), and left-sided location of infarct (OR 2.85; 95% C.I. 1.17–
6.95) were significant and independent predictors of MoCA <

26 with a model c-statistic of 0.75. MoCA < 19 was predicted
by admission NIHSS > 6 (OR 7.00; 95% C.I. 2.53–19.40) and
ischemic stroke volume > 17 cc (OR 3.60; 95% C.I. 1.24–10.47)
with a model c-statistic of 0.75.

DISCUSSION

This study characterizes impairment across multiple cognitive
domains during the early phase of post-stroke recovery.
In addition, it proves the logical assumption that cognitive
status at follow-up is a significant, independent predictor for
functional status at this timepoint. Finally, it identifies risk
factors available during hospitalization that predict downstream
cognitive dysfunction during the early phase of stroke recovery.

In our study, both the average and domain-specific MoCA
scores were significantly lower in ischemic stroke patients vs.
non-stroke controls. This finding suggests that the presence
of any infarct is associated with at least some degree of early
cognitive dysfunction. Nearly two-thirds of ischemic stroke
patients with no prior history of cognitive impairment scored
below normal on the MoCA (<26). While it is possible that some
may have had subclinical dysfunction at baseline, this number
is much higher than would have been expected, especially when
considering that the average age of the cohort was <65 years.
These results are particularly important given the significant
relationship between MoCA scores and functional status at the
post-stroke clinic visit, even after adjusting for multiple factors
including NIHSS scale, emphasizing the impact of cognitive
impairment on one’s ability to remain independent after stroke.
Though early, at 1–2 months post-infarct many patients and
families are making decisions that impact the rest of their lives
such as living alone or returning to work. Being able to identify
those at risk to experience early cognitive dysfunction will allow
for targeted rehabilitation focused on cognitive improvement and
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FIGURE 1 | MoCA scores by cognitive domain in subgroups of patients with no infarct (N = 39), minor stroke (N = 141), and major stroke (N = 73).

allow for counseling regarding potential cognitive issues that may
or may not resolve over time.

Additional variables improved our ability to predict the
degree of cognitive dysfunction post-stroke. The likelihood of
any cognitive impairment was predicted by employment status
prior to stroke. This is probably a reflection of the individual’s
premorbid baseline. NIHSS scale at ischemic stroke presentation,
infarct volume, and laterality of stroke were also important
predictors, likely due to their measure of stroke severity.

Early post-stroke cognitive decline has been reported in the
literature with varying trajectories for recovery (19). One prior
study suggested rates of cognitive impairment during the initial
months of stroke recovery can be as high as 57–67% (20).
While this study did not specifically exclude those with pre-
stroke cognitive impairment, a study evaluating patients without
cognitive impairment prior to stroke found the prevalence of
cognitive impairment remained high at 66.4% 2 months post-
infarct (21). Collectively, these studies support our findings
that early post-stroke cognitive dysfunction is common (22),
illustrating the need for better characterization and prediction.
Given that recovery from early dysfunction can be variable,
chronic post-stroke dementia is typically not diagnosed until
more than 6 months after infarct. However, as life-altering
decisions are commonly made well before the 6-month time
point, we argue it is important to identify early on those at
highest risk.

Early cognitive dysfunction post-stroke is particularly
important to identify given its association with overall functional

status. Classically, the mRS is considered a predominantly motor
measure of function, with significant weight placed on ability
to ambulate and perform physical activities of daily living.
However, we have shown that cognitive status, in conjunction
with NIHSS, persisted as an independent and significant
predictor of functionality. Prior studies by Saver and Dong
evaluated the relationship between the follow-up NIHSS and
follow-up mRS as well as baseline MoCA with follow-up mRS,
but not the follow-up MoCA with follow-up mRS (23, 24) The
relationship between MoCA and mRS may be partly explained
by the degree of cognitive function required to successfully care
for oneself. Our findings also highlight the inability of the NIHSS
to fully capture the range and degree of disability stroke patients
suffer in the outpatient setting and suggest that theMoCA should
be an important part of the follow-up clinical assessment.

The degree of morbidity attributable to cognitive impairment
after a stroke in the follow-up setting provides a compelling
justification for early stratification of risk for cognitive
impairment after stroke. It is important to identify patients
who may benefit from counseling about recovery prognosis as
well as more in-depth early cognitive assessment and potential
intervention. Patients and families may benefit from cognitive
prognostication at the outset to prepare for how cognitive
impairment may affect the ability to perform independently
activities of daily living and impact the maintenance of
overall health due to difficulty with medication and healthy
lifestyle adherence. Although the evidence is currently limited,
potential rehabilitation strategies that have therapeutic value

Frontiers in Neurology | www.frontiersin.org 5 December 2020 | Volume 11 | Article 61360775

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Sharma et al. Predicting Early Post-stroke Cognitive Impairment

TABLE 2 | Unadjusted and adjusted associations between variables and modified Rankin Scale score at follow-up.

Variable Unadjusted Odds Ratio (95% CI) P-value Adjusted Odds Ratio* (95% CI) P-value

Follow-up MoCA 0.83 (0.80–0.87) <0.001 0.69 (0.59–0.82) <0.001

Follow-up NIHSS 1.29 (1.18–1.41) <0.001 1.93 (1.40–2.67) <0.001

Age 1.03 (1.01–1.04) <0.001 0.95 (0.90–0.99) 0.033

Sex 1.12 (0.72–1.75) 0.623 0.37 (0.10–1.35) 0.133

Education 0.51 (0.31–0.82) 0.006 0.29 (0.09–0.97) 0.045

White race 1.13 (0.66–1.93) 0.660 9.33 (2.05–42.41) 0.004

Median household income < $50,000 2.23 (1.40–3.56) <0.001 0.85 (0.27–2.68) 0.780

Employment 0.29 (0.17–0.48) <0.001 0.18 (0.05–0.71) 0.015

Lives alone 0.58 (0.33–1.03) 0.061 3.28 (0.67–16.08) 0.143

Hypertension 5.13 (2.94–8.96) <0.001 8.04 (1.03–63.04) 0.047

Hyperlipidemia 1.74 (1.04–2.90) 0.035 0.38 (0.05–2.63) 0.324

Diabetes 1.31 (0.82–2.09) 0.255 1.14 (0.37–3.49) 0.817

Smoking 1.68 (1.06–2.66) 0.027 0.64 (0.21–1.99) 0.440

Prior stroke 2.35 (1.47–3.76) <0.001 1.35 (0.47–3.89) 0.584

Prior dementia 2.75 (1.09–6.97) 0.033 1.05 (0.07–16.31) 0.972

Anti-depressant use 1.31 (0.83–2.08) 0.242 1.25 (0.41–3.79) 0.695

Charlson Comorbidity Index 1.18 (1.03–1.35) 0.015 1.09 (0.84–1.41) 0.539

Baseline mRS 2.19 (1.81–2.65) <0.001 2.02 (1.25–3.26) 0.004

Infarct volume 1.01 (1.00–1.02) 0.002 1.04 (1.01–1.07) 0.014

Laterality, left 1.38 (0.86–2.21) 0.180 0.91 (0.34–2.48) 0.854

Cortical 0.91 (0.56–1.48) 0.712 0.11 (0.03–0.39) <0.001

CHS score 1.18 (1.03–1.35) 0.015 0.83 (0.60–1.15) 0.261

CMB count 1.25 (1.08–1.45) 0.003 1.37 (1.10-1.70) 0.004

CI, confidence interval; MoCA, Montreal Cognitive Assessment; NIHSS, National Institutes of Health Stroke Severity; mRS, modified Rankin score; CHS, Cardiovascular Health Study;

CMB, cerebral microbleed.

*Adjusted for factors significant in univariable analysis (p < 0.05): age, sex, race, education, household income, employment status prior to stroke, marital status, living alone, medical

comorbidities, Charlson Comorbidity Index, follow-up NIHSS, baseline mRS, stroke volume, laterality of stroke, cortical location of stroke, CHS score, and CMB count.

include: kinematic analysis, memory enhancing tools, and even
pharmacologic therapies.

Our study identified demographic, clinical, and radiographic
characteristics associated with lower MoCA scores among those
with no known pre-stroke cognitive impairment. Themechanism
underlying cognitive impairment in stroke patients is yet to be
fully elucidated. It has been hypothesized that a stroke may
alter neuronal connectivity to the cortex, leading secondarily to
cortical thinning and atrophy via myelin loss or axonal damage
(25). In our study, we note that the radiographic size of the
infarct was a significant predictor of MoCA < 19 but not
MoCA < 26. This suggests a threshold capacity of the neuronal
reserve that is able to compensate for injured cortex. It also
suggests that mild cognitive impairment after stroke may occur
regardless of final infarct volume (26), possibly due in part to
other factors impacting cognitive reserve. As an example, severe
small vessel disease has been identified as a predictor of post-
stroke cognitive impairment in the literature and was significant
in our univariable analyses, though not after controlling for
infarct. Some studies suggest that patients with white matter
disease are subject to neurodegeneration due to inflammation
of the small blood vessels, and blood-brain barrier breakdown,
resulting in the permeation of cytokines into perivascular space
and neuronal tissue (27). Additional infarcts may cause further

white matter tract injury; however, the effect of leukoaraiosis can
be dampened when adjusting for infarct or other variables related
to baseline brain function. Accordingly, the CHANGE score (28)
included age, education, and presence of chronic lacunar infarct
as significant predictors of MOCA < 22 at 3–6 months after
ischemic stroke. While age and education were not significant in
our study, it is possible that in our population it was employment
status that served a similar role to represent an individual’s
“pre-stroke baseline.”

Interestingly, there were several factors that have been shown
to be important predictors of post-stroke dementia that were not
associated with early post-stroke cognitive decline. Depression
was not a driving factor of impairment in our study, though
has been reported to be an important predictor of post-stroke
cognitive dysfunction (3). One possible explanation is that
nearly half of our cohort was taking an antidepressant at the
time of assessment. Additionally, vascular risk factors such as
hypertension and diabetes have been found to significantly
increase the risk of cognitive impairment after stroke in the long-
term, but these were only statistically significant in our analysis in
univariable analysis (29). This may illustrate their importance in
brain function and long-term recovery, but the relatively greater
importance of the presence of the infarct in the early disruption
of cognition following stroke.
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TABLE 3 | Univariable logistic regression analyses of the odds of at least mild cognitive impairment (MoCA < 26) and the odds of severe cognitive impairment (MoCA <

19) associated with each covariate in patients after ischemic stroke with no prior diagnosis of cognitive impairment (N = 201).

Variable Unadjusted odds ratio of

any cognitive impairment

(N = 132)

95% CI P-value Unadjusted odds ratio of

severe cognitive

impairment (N = 41)

95% CI P-value

Age 1.04 1.01, 1.06 0.002 1.05 1.02, 1.08 <0.001

Sex 1.05 0.59, 1.89 0.862 1.16 0.59, 2.31 0.665

Caucasian race 0.58 0.28, 1.21 0.150 0.58 0.27, 1.24 0.161

Education 0.51 0.28, 0.98 0.043 0.77 0.36, 1.63 0.491

Median household income <$50,000 1.26 0.68, 2.33 0.459 3.50 1.39, 8.81 0.008

Employment 0.51 0.27, 0.95 0.033 0.48 0.21, 1.12 0.091

Marital status 1.73 0.60, 5.02 0.313 0.67 0.20, 2.24 0.520

Living alone 0.67 0.32, 1.40 0.285 0.74 0.28, 1.91 0.531

Diabetes 1.04 0.58, 1.89 0.889 0.65 0.31, 1.34 0.238

Hypertension 1.93 0.97, 3.85 0.060 2.98 1.00, 8.89 0.050

Hyperlipidemia 0.91 0.45, 1.82 0.780 0.56 0.26, 1.20 0.135

Smoking 1.78 0.97, 3.28 0.065 1.93 0.97, 3.86 0.063

Prior stroke 2.21 1.20, 4.09 0.011 1.26 0.63, 2.52 0.518

Anti-depressant use 1.54 0.82, 2.89 0.176 1.22 0.60, 2.48 0.579

Charlson Comorbidity Index 1.25 1.09, 1.43 0.002 1.19 1.06, 1.35 0.004

Admission NIHSS 1.16 1.05, 1.27 0.003 1.18 1.09, 1.27 <0.001

Baseline mRS 1.54 1.20, 1.97 <0.001 1.66 1.26, 2.18 <0.001

Stroke volume 1.02 1.00, 1.03 0.028 1.01 1.00, 1.02 0.034

Laterality, left 2.08 1.12, 3.86 0.021 2.54 1.23, 5.24 0.012

Cortical 1.62 0.90, 2.91 0.110 2.84 1.30, 6.18 0.009

CHS score 1.42 1.15, 1.76 0.001 1.31 1.08, 1.58 0.006

CMB count 4.02 1.34, 12.03 0.013 1.12 0.97, 1.30 0.138

CI, confidence interval; NIHSS, National Institutes of Health Stroke Severity; mRS, modified Rankin score; CMB, cerebral microbleed; CHS, Cardiovascular Health Study.

This study is not without limitations. Our cohort was
comprised of patients from a single Comprehensive Stroke
Center where participants were predominantly Caucasian. In
addition, the MoCA test is considered a brief screening tool
for cognitive function and may not be the most sensitive
metric to detect dysfunction. However, when compared with
neuropsychological batteries in patients with strokes due to small
vessel disease, there has been a high degree of accuracy in
detecting cognitive impairment (28). In addition, the relative
brevity may make it an ideal choice for a busy office setting.
It is also important to note that given eligibility was predicated
on being able to complete the MoCA, there is a possibility of
selection bias. While patients with global aphasia were excluded,
those with anterior or posterior aphasias may have language
impairments that may confound their ability to perform well
on the MoCA. Nevertheless, given the prevalence of aphasia
as a presenting stroke symptom, including the performance of
patients with incomplete aphasias adds to the generalizability of
this study. Finally, we included patients with no history of pre-
stroke cognitive impairment. These patients did not have formal
neuropsychologic testing prior to the occurrence of ischemic
stroke and may have had subclinical cognitive impairment,
though this is less likely to have significantly biased results given
the relatively young age of our cohort.

Despite these limitations, this study provides evidence
that there are in-hospital metrics, readily available for all

TABLE 4 | Multivariable logistic regression models predicting MoCA < 26 (left)

and MoCA < 19 (right) in patients after ischemic stroke without a diagnosis of

cognitive impairment prior to the time of ischemic stroke presentation (N = 201).

Predictors MoCA < 26 (N = 132) MoCA < 19 (N = 41)

Odds Ratio

(95% CI)

P-value Odds Ratio

(95% CI)

P-value

Employment prior to

stroke

0.28 (0.12,

0.69)

0.005 – –

Admission NIHSS scale

> 6

4.48 (1.15,

17.47)

0.031 7.00 (2.53,

19.4)

<0.001

Stroke volume > 17 cc – – 3.60 (1.24,

10.47)

0.019

Laterality of stroke (left) 2.85 (1.17,

6.95)

0.021 – –

CI, confidence interval; NIHSS, National Institutes of Health Stroke Severity score.

The c-statistic for predicting both MoCA < 26 and < 19 was 0.75.

patients, that can be used to predict cognitive impairment
during the early phase of stroke recovery, and that this is
important due to the strong association between cognition
and overall function. Vulnerable patients may be identified
at the time of discharge and provided with the necessary
resources such as aggressive rehabilitation to potentially
improve longer-term outcomes. Future studies are necessary
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to validate our model in a larger, independent cohort of
patients, and to determine whether early identification and
aggressive treatment of at-risk individuals will reduce the
rate of post-stroke dementia and improve longer-term post-
stroke outcomes.

CONCLUSION

Cognitive impairment, ranging from mild to severe, is common
in the early months after ischemic stroke, and along with
NIHSS contributes significantly to a patient’s functional status
at follow-up. Employment status prior to stroke, NIHSS at
stroke presentation, infarct volume, and stroke laterality are
strong predictors of dysfunction and may allow us to better
identify and target at risk-individuals in the acute setting for
aggressive rehabilitation.
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The cerebral vasculature is made up of highly specialized structures that assure constant

brain perfusion necessary to meet the very high demand for oxygen and glucose by

neurons and glial cells. A dense, redundant network of arteries is spread over the

entire pial surface from which penetrating arteries dive into the cortex to reach the

neurovascular units. Besides providing blood to the brain parenchyma, cerebral arteries

are key in the drainage of interstitial fluid (ISF) and solutes such as amyloid-beta.

This occurs along the basement membranes surrounding vascular smooth muscle

cells, toward leptomeningeal arteries and deep cervical lymph nodes. The dense

microvasculature is made up of fine capillaries. Capillary walls contain pericytes that

have contractile properties and are lined by a highly specialized blood–brain barrier that

regulates the entry of solutes and ions and maintains the integrity of the composition

of ISF. They are also important for the production of ISF. Capillaries drain into venules

that course centrifugally toward the cortex to reach cortical veins and empty into dural

venous sinuses. The walls of the venous sinuses are also home to meningeal lymphatic

vessels that support the drainage of cerebrospinal fluid, although such pathways are still

poorly understood. Damage to macro- and microvasculature will compromise cerebral

perfusion, hamper the highly synchronized movement of neurofluids, and affect the

drainage of waste products leading to neuronal and glial degeneration. This review will

present vascular anatomy, their role in fluid dynamics, and a summary of how their

dysfunction can lead to neurodegeneration.

Keywords: cerebral vessel, glymphatic, intramural periarterial drainage, small vessel disease, neurodegeneration,

perivascular space

INTRODUCTION

Damage to cerebral vasculature and reduction in cerebral perfusion initiate a cascade of events that
rapidly leads to disturbed cellular homeostasis and death of neurons and glial cells (1). The cerebral
arterial network of vessels is unique in its anatomy, and its flow dynamics is inextricably intertwined
with those of other fluids such as venous blood, cerebrospinal fluid (CSF), and the interstitial fluid
(ISF) (2, 3). Emerging evidence regarding the role of cerebral vasculature in the drainage of solutes
and fluids adds to the complexity of the overall interaction with neurofluids.

The arteries of the brain have a dual function: to supply oxygenated blood to neurons and glia
and to drain ISF. Neurons and glial cells are constantly “at work,” even during rest, and this very
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high demand for oxygen and glucose requires a steady supply
of oxygenated blood. Histological and tracer studies reveal the
intricate relationship of cortical arteries with meningeal sheaths
and the constitution of the perivascular compartment and spaces
that provide a pathway for inflow and outflow of ISF (4–6).
Cerebral capillaries are considered important sites of CSF and ISF
production and absorption. Capillaries drain into venules that are
hierarchically organized and run centrifugally toward the cortex.
All venous drainage occurs through dural venous sinuses that
drain toward the neck veins. The walls of dural venous sinuses
are also home to meningeal lymphatic vessels (7, 8), with a role
in the drainage of CSF. In this review, a brief overview of the
current evidence for the anatomy and function of vessels in the
brain will be provided, followed by a summary of mechanisms
of interaction of what we term “neurofluids”: blood, CSF, and
ISF (2). A disruption of such mechanisms will trigger a series of
pathological events such as microvascular injury, failure of ISF
drainage, local deposition of amyloid-beta as cerebral amyloid
angiopathy (CAA), focal ischemia, and demyelination.

Arterial and Capillary Systems
The brain parenchyma is supplied by two internal carotid arteries
(ICAs) and two vertebral arteries. The ICA enters the skull-base
through the carotid canal, located in the petrous portion of the
temporal lobe. It pierces through the dura mater at the level
of the cavernous sinus and bifurcates within the subarachnoid
space (SAS) into middle cerebral arteries and anterior cerebral
arteries. The ICA carries ∼80% of the total blood to the brain.
The vertebral arteries enter the vertebral foramina at the level
of C6; they exit out of C1 foramina, loop around the posterior
arch of the atlas as they enter the foramen magna, and lies on
the ventral surface of the brain stem to form the basilar artery
(BA). The BA terminates into two posterior cerebral arteries.
The anterior (ICA and its branches) and the posterior circulation
(vertebral arteries and its branches) arteries come together at the
base of the skull to form the circle ofWillis that lies in the cisternal
space (9).

A rich, anastomotic network of leptomeningeal arteries
spreads over the pial surface from which numerous branches
(arterioles) sprout out and pierce the glia limitans to dive into
the cortex at approximately right angles to it. From a structural
point of view, both pial arteries and penetrating arterioles lack
an external elastic lamina, but leptomeningeal arteries retain
an internal elastic lamina (10). The gray matter (GM) has a
larger number of arterioles with respect to those in the white
matter (WM) with a ratio of 8:1, which is proportionate to
the elevated energy demand of the more cellular GM (11, 12).
Penetrating arterioles are completely encased by a sheet of
pia mater, which reflects off the cortical surface, separating
them from the surrounding SAS and the brain parenchyma (4)
(Figure 1). However, around the perivascular compartment of
the arterioles in the WM, there are two such sheaths, creating
a potential space for the accumulation of edematous fluid (13).
At the capillary level, direct observations under the electron
microscope in a variety of species reveal that the basement
membrane of the pial sheath and the basement membranes of
the astrocytes (glia limitans) fuse together to create a perivascular

FIGURE 1 | Diagrammatic summary of the structure of an arteriole in the gray

matter. Endothelium hosts the blood–brain barrier. There are several layers of

smooth muscle cells separated by basement membranes. Adventitial

leptomeningeal sheath has its own basement membrane that fuses with the

basement membrane of astrocyte end feet to form a perivascular

compartment or perivascular space. Diagram drawn by Marco Fanuli.

compartment, or periarterial space, filled with an extracellular
matrix (ECM), which is not continuous with the SAS (4, 14)
and referred to as the “perivascular space” (PVS) (Figure 1).
Indeed, PVSs, or more appropriately the periarterial spaces,
are not visible within the cortical GM even under pathological
conditions, whereas they are seen in the WM both in histological
specimens and on neuroimaging (13, 15). Changes in the walls of
capillaries and arterioles associated with aging, hypertension, or
diabetes mellitus lead to small vessel disease (SVD) and vascular
dementia (16, 17).

Pial surface arterial networks are richly innervated by
sympathetic nerves from the superior cervical ganglion,
sphenopalatine, otic, and trigeminal ganglia that release
several neurotransmitters and neuromodulators such as a
vasoactive intestinal peptide, nitric oxide synthase, acetylcholine,
norepinephrine, and substance P (18). This innervation, also
termed “extrinsic” innervation, ends in the precapillary segment
and, more precisely, where the PVS terminates. The extrinsic
innervation is primarily responsible for a prompt myogenic
response to temporary pressure differences. According to
Poiseuille’s law, a change in radius directly affects resistance
to flow to the fourth power, thereby modulating blood flow
instantly and efficaciously (19). Intraparenchymal arterioles
are innervated by nerves arising from the nuclei of basal
forebrain such as the locus coeruleus, nucleus basalis of
Meynert, and raphe nuclei in the brain stem that release
norepinephrine, acetylcholine, and 5-hydroxythyrosine as well
as other neuropeptides either directly to the walls of capillaries
or indirectly via local interneurons and astrocytes (18, 20). Such
nerve endings are likely to control the intrinsic spontaneous
contractile activity of vascular smooth muscle cells (VSMCs)
in the tunica media, also termed “vasomotion.” Vasomotor
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oscillations form the basis of ultra-slow 0.1-Hz wave activity in
the microvasculature independent of neuronal activity (21, 22).

A dense capillary anastomotic network characterizes the GM
and varies with its depth (23). Approximately 50–60% of total
blood volume is within the capillaries (23). Capillary walls
are made up of a single layer of endothelial cells, pericytes,
and a basal lamina made up of collagen type IV, heparan
sulfate proteoglycans, laminin, fibronectin, and other ECM
proteins, in various proportions and with different isoforms
depending on the type of vessel (24–26). The endothelial cells
are bound together by tight junction proteins such as claudins
and occludins, creating a highly regulated blood–brain barrier
(BBB) that restricts transcellular flux of ions and hydrophilic
solutes, shielding the internal parenchymal milieu from even the
slightest fluctuations in the osmolarity of surrounding tissues and
blood plasma (27, 28). The endothelium contains a spectrum
of receptors essential for the entry and efflux of peptides,
such as low-density lipoprotein related protein-1 or adenosine
triphosphate-binding cassette transporters, which are essential
for the efflux of soluble amyloid-beta from the brain parenchyma
(29). The abluminal surface of the capillaries is continuous with
astrocytic end feet (or glia limitans), containing aquaporin-4
(AQP-4) water channels.

Venous System
The parenchymal microvasculature drains deoxygenated blood
centrifugally from the ventricular ependymal surface toward the
cortical pial surface, via medullary venules and veins arranged
hierarchically and centrifugally from the ventricular ependymal
wall toward the cortex (30). Large cortical bridging veins, such
as the vein of Labbè and the Trolard vein, empty into the
superficial dural venous sinuses (31). The superior sagittal sinus
subdivides into right and left transverse sinus and continues
directly via sigmoid sinuses into the internal jugular veins,
extracranial neck vessels, and the intra- and extra-spinal venous
plexi, conveying deoxygenated blood to the right atrium (32, 33).
Deep internal veins form the inferior sagittal sinus, the vein of
Galen, and the straight sinus to drain into the superior sagittal
sinus posteriorly. Anterior venous drainage occurs through the
cavernous sinus, sphenopetrosal sinuses, and sigmoid sinuses.
Several anatomical variations exist, and veins can vary in number,
size, symmetry across hemispheres, and their extracranial venous
drainage patterns, adding to the complexity of the cerebral
venous system. It is important to note that dural venous sinuses
are valveless, making cephalad retrograde flow possible in cases
of obstruction to downward flow (34).

Surrounding each parenchymal arteriole are eight venules
(5). Venules typically have a larger lumen area and a thinner
vessel wall with respect to arterioles (35). Exiting venules in
the cortex are surrounded by an incomplete layer of pia mater
(4). Paravenous spaces communicate with the SAS directly. The
first reports of the presence of lymphatic vessels in the dura
mater were reported in 1787, whereas histologic evidence of their
existence was providedmuch later (36). More recently, lymphatic
channels were described lining the dural venous sinuses that
appear to be additional routes for the drainage of fluids and cells
toward the deep cervical lymph nodes (7, 8). Lymphatic channels

are also found in the cribriform plate that drains fluids, cells, and
solutes via nasal lymphatics toward the superficial cervical lymph
nodes (37).

Production and Drainage of Cerebrospinal

Fluid and Interstitial Fluid
Our classic understanding of CSF fluid production and
absorption is being challenged, as new evidence suggests
that CSF production also occurs at other sites such as the
capillary endothelial surface, as formulated by the Bulat–Klarica–
Orešković hypothesis (38). Almost 80% of CSF is secreted by
fenestrated capillaries in the choroid plexi at a rate of ∼0.3–
0.4 ml/min for a total production of 430–580ml daily. CSF
secretion across the blood–CSF barrier depends on hydrostatic
and osmolarity gradients that exist between the plasma and the
intraventricular CSF fluids. CSF comprises 99% water, some ions,
and negligible quantities of proteins and glucose. Arachnoid
granulations found in the dural venous sinuses are traditionally
recognized to play a prime role in CSF reabsorption. However,
the contemporary presence of the meninx primitiva and the lack
of arachnoid granulations in the fetus suggests that there must be
alternative routes for its absorption (37, 39).

There are multiple sources of ISF production, such as filtration
across the capillaries via the development of hydrostatic and
osmotic pressures across the endothelium, secretion through
choroid plexi, and cellular metabolism (40, 41). ISF fills the
extracellular space (ECS) or interstitial space. This space contains
an ECM made up of glycosaminoglycans, glycoproteins (e.g.,
laminins, collagen, chondroitin, fibronectin) and proteoglycans
(e.g., hyaluronic acid, heparan sulfate). Such an environment
determines a negatively charged ambient necessary for cellular
communication, volume transmission, immunosurveillance, and
a binding capacity for solutes to be transported around brain
areas. ECS occupies∼15–20% of the total brain volume, and this
volume can change in physiologic and pathologic conditions such
as sleep, under anesthesia, and stroke (42–45). ISF is also the
primary fluid medium for waste removal; however, the presence
of BBB notably restricts the movement of proteins across
the capillaries, which suggested that there must be alternative
pathways. Bulk flow of ISF through the brain parenchyma was
proposed as a route to flush out waste products and fluids
toward the ventricular ependymal walls (46). In the past decade,
multiple waste clearance pathways have been characterized in the
brain: the glymphatic pathway, intramural periarterial drainage
pathway (IPAD), flow along cranial nerves, and meningeal
lymphatics along the dural venous sinuses (6, 39, 47), still
extensively debated (48, 49). The glymphatic system proposes
that CSF from the SAS recycles along the para-arterial spaces and
enters the brain tissue via astrocytic AQP-4 water channels. CSF
intermingles with ISF, which flows toward paravenous spaces via
bulk flow, thus flushing out fluids and solutes from the brain
(50, 51). However, diffusion rather than bulk flow may be the
likely principal mechanism for flowwith an unclear role for AQP-
4 channels (40, 52–55). Also, the mechanism of unidirectional
CSF flow along intraparenchymal para-arterial spaces remains
debatable, as arterial pulsations alone do not determine such flow
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(56). Furthermore, the glymphatic hypothesis does not explain
why in CAA, the deposition of proteins occurs in the tunica
media of arterioles and arteries, spreading to occupy the whole
of the arterial wall and rarely involves veins (57–59).

On the other hand, tracer injection studies in animal brains
have unequivocally demonstrated that one important route for
ISF and solute removal is the IPAD. For decades, perivascular
compartments have been considered to play a fundamental
role in the removal of waste products (36, 60, 61). According
to this mechanism, fluids and waste products flow within
the basement membranes of arterioles and arteries in the
opposite direction to arterial blood flow within their lumen
and is primarily driven by vasomotion (62–65). The ultraslow
frequency oscillation (<0.1Hz) appears to be critical to the
clearance of solutes. Electrophysiologically observed slow-wave
oscillations characteristic of sleep are intricately associated with
large CSF flow oscillations suggestive of vasomotion driven
clearance of CSF and thereby of solutes and supportive of IPAD
pathways of clearance (66).

Neurofluid Physiology
To understand the interaction between the several space-
competing compartments within the cranium, we must remind
ourselves of the Monro–Kellie hypothesis, which remains a
cardinal principle in the understanding of fluid movements
(67). This hypothesis maintains that because the brain contents
are enclosed in a non-expandable bony skull, the total brain
volume must remain constant at all times to avoid a dangerous
increase in ICP (68). However, with the recent discoveries of
meningeal lymphatics and the understanding of mechanisms
for brain waste clearance mechanisms, it has become necessary
to revisit the original Monro–Kellie doctrine (69). With every
systole, an increase in arterial pressure pumps ∼700ml of
oxygenated blood, causing inflation of arteries, arterioles, and the
microvascular bed (70). This expansion of vessels will squeeze
ISF and CSF from the interstitium and promote flow. The
creation of a pressure gradient between the cranial SAS and the
spinal SAS will cause displacement of CSF toward the spinal
SAS and facilitate venous outflow toward the extracranial neck
vessels (3, 71). During diastole, as the elastic vessels relax,
CSF flows back with little net forward displacement. Such
pulsatile forces will also create a variable magnitude of brain
tissue deformation, generating additional forces affecting blood
flow, production, and absorption of ISF and CSF. The intrinsic
viscoelasticity of the brain, or brain compliance, is the capacity
of brain tissue to deform in conditions of intracranial pressure
changes. Such mechanical and viscoelastic properties vary in
different brain regions and depend on cellular morphology,
capillary distribution, the compactness of white matter axons,
their orientation, and ECM composition (72). These properties
are different both at a macroscale (WM is stiffer than GM)
and at a microscale (cortical GM is stiffer than hippocampal
GM; WM in the corpus callosum is stiffer than WM in the
corona radiata) (72). WM is three times stiffer than GM,
accounting for differential response to compression load (73).
Physiologic rheological properties of the brain can be measured
in vivo by magnetic resonance elastography (74, 75). Thus, in

FIGURE 2 | (A) The fine anatomy of the cerebral arterial wall. An artery is lined

by endothelium (Endo) and coated by the tunica media (TM) composed of

smooth muscle cells and by the outermost tunica adventitia (TA) composed of

connective tissue. As it enters the brain, the artery loses the tunica adventitia

but is still coated by a layer of pia-arachnoid (Pia) that intervenes between the

artery and the glia limitans (GL) of the brain. As the arteriole divides into

capillaries, the tunica media, and the layer of pia mater are lost. Thus, at the

level of the capillary, the GL is in direct contact with the wall of the capillary. (B)

Schematic representation of the IPAD and convective influx/glymphatic

systems of the brain. On the left-hand side of the diagram, an artery enters the

brain from the SAS, and an arteriole divides into capillaries. Tracers in the CSF

enter the brain along the pial-glial basement membrane (1) between the pia

mater and the GL (indicated by a green arrow) and enter the brain parenchyma

and interstitial fluid by an aquaporin four-dependent mechanism, which is the

glymphatic pathway (2). On the right-hand side of the diagram, the red arrows

indicate the intramural perivascular lymphatic drainage pathway by which

interstitial fluid (ISF) and solutes pass out of the brain along basement

membranes in the walls of capillaries (3a) and along basement membranes

surrounding smooth muscle cells in the tunica media of arterioles and arteries

(3b). Reproduced with permission from Morris et al. (90)
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one magnetic resonance elastography study, the compression
of internal jugular veins in the neck was shown to increase
CSF pulsatility in the brain and increase stiffness within
the brain parenchyma in accordance with the Monro–Kellie
doctrine (75).

Cerebrovascular Damage and

Neurodegeneration
Our attention is drawn to the intricate coupling of arterial,
venous, CSF, and brain parenchymal dynamics; damage to
any one of them can initiate a cascade of events affecting
clearance of waste products in the brain and lead thereby to
neurodegeneration. Reduced cerebral perfusion is considered a
potential link between vascular risk factors and the development
of SVD, vascular dementia, and Alzheimer’s disease (AD)
(76). The most important risk factors are advancing age and
hypertension, both of which will hamper cerebral blood flow
by directly damaging arterial walls and the microvasculature.
Patients with SVD and AD often present with increased
arterial stiffness, altered BBB permeability, VSMC loss, multiple
fenestrations in the internal elastic lamina, remodeled arterial
wall basement membranes, pericyte degeneration, increased
intercapillary distance, reduced capillary density, increased
arteriolar tortuosity, and swelling of astrocyte end feet, ultimately
reducing the capacity for an optimal exchange of substances
across the capillary endothelium (77–80). The inefficient transfer
of pulsatile energy from the arterial bed toward the capillaries
and the venous walls will disrupt hydrostatic forces. Arterial
vasomotion will also be affected in several ways: direct arterial
wall damage, deposition of amyloid-beta, and loss of cholinergic
innervation of VSMCs. The geometry of ECS changes with age
and disease, as free water within the parenchyma increases and
toxic solutes such as amyloid-beta deposit within the extracellular
space (81). In this scenario, the glymphatic/convective influx as
well as IPAD will be hampered.

As the density of capillaries is lower in the white matter than in
the gray matter and capillary basement membranes are the entry
portals for IPAD bywhich ISF and solutes drain from brain tissue,
the shortage of capillaries in the white matter may be a factor in a
reduced capacity for IPAD in the white matter (82). Obstruction
of CSF drainage from the cerebral ventricles results in dilatation
of the ventricular system and the accumulation of fluid in the
periventricular white matter in the acute stages of hydrocephalus

with the slowly progressive destruction of white matter fibers and
gliosis, suggesting that the capacity for IPAD is lower in the white
matter compared with the gray matter (83).

Damage to veins, venules, and capillaries can also characterize
other subtypes of SVD, such as perivenous collagenosis (84). This
is characterized by concentric thickening of venular walls and
pathological deposition of collagen resulting in leukoaraiosis or
white matter hyperintensities on magnetic resonance imaging.
Occlusion of venules and veins causes hypoperfusion and
ischemia and affects the drainage of CSF via meningeal
lymphatics (85).

There are several, albeit nonspecific, magnetic resonance
imaging biomarkers such as dilated PVS, white matter
hyperintensity, cerebral microbleeds, and superficial siderosis
that characterize SVD, AD, and CAA that are an expression of
impaired clearance of proteins and fluids, focal ischemia, and
deposition of amyloid-beta within the walls of capillaries and
neurodegeneration (82, 86–89). Neural tissue can become stiffer
via several processes such as Wallerian degeneration, axonal
atrophy, loss of oligodendroglial cells, microglial activation,
neuroinflammation, and microvascular damage, resulting in a
range of microstructural changes from increased tissue water
content to progressive gliosis and loss of volume.

There is substantial evidence that fluid movements in the
brain are related such that damage to one compartment
can lead to several events leading to neuroglial vascular
compromise (Figure 2). In particular, the morphological damage
to macro/microvasculature or their dysfunction will most likely
compromise the movement of fluids, with impact on the
perfusion of the brain and the drainage of CSF, ISF, altering the
homeostasis of the brain, which in turn leads to neuronal cell loss
and dementia.
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No study yet has compared the longitudinal course and prognosis between subcortical

vascular cognitive impairment patients with and without genetic component. In this

study, we compared the longitudinal changes in cerebral small vessel disease markers

and cognitive function between subcortical vascular mild cognitive impairment (svMCI)

patients with and without NOTCH3 variant [NOTCH3(+) svMCI vs. NOTCH3(–) svMCI].

We prospectively recruited patients with svMCI and screened for NOTCH3 variants

by sequence analysis for mutational hotspots in the NOTCH3 gene. Patients were

annually followed-up for 5 years through clinical interviews, neuropsychological tests,

and brain magnetic resonance imaging. Among 63 svMCI patients, 9 (14.3%) had

either known mutations or possible pathogenic variants. The linear mixed effect models

showed that the NOTCH3(+) svMCI group had much greater increases in the lacune and

cerebral microbleed counts than the NOTCH3(–) svMCI group. However, there were no

significant differences between the two groups regarding dementia conversion rate and

neuropsychological score changes over 5 years.

Keywords: NOTCH3, CADASIL, lacune, cerebral microbleed, subcortical vascular cognitive impairment

INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) is an autosomal dominant disorder of cerebral small vessels caused by mutations in the
NOTCH3 gene on chromosome 19 (1). CADASIL is characterized by cerebral small vessel disease
(CSVD) and cognitive impairment, and is therefore considered as a genetic form of subcortical
vascular cognitive impairment (SVCI). On the other hand, sporadic SVCI is mostly caused by
vascular risk factors. Advanced age, hypertension (HTN), diabetes mellitus (DM), and other
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vascular risk factors can lead to CSVD characterized by
white matter hyperintensities (WMHs), lacunes, and cerebral
microbleeds (CMBs) on magnetic resonance imaging (MRI) (2).

Typically, patients with CADASIL are young at onset and have
no vascular risk factors (3). However, we previously reported
that approximately 13% of consecutive patients with SVCI had
NOTCH3 variants, although they were of advanced age and
frequently had a history of HTN (4). In our previous cross-
sectional studies, these atypical SVCI patients with NOTCH3
variant have shown no significant differences in clinical and
imaging features compared to patients without NOTCH3 variant
(4, 5). However, cross-sectional comparison, a snapshot of a
single moment in time, has interpretative limitations.

To our best knowledge, no study yet has compared the
longitudinal course and prognosis between SVCI patients with
and without genetic component. Therefore, in this study,
we compared the longitudinal changes in CSVD markers
and cognitive function in subcortical vascular mild cognitive
impairment (svMCI) patients with [NOTCH3(+) svMCI] and
without [NOTCH3(–) svMCI] NOTCH3 variant for a better
understanding of the impact of NOTCH3 variant.

MATERIALS AND METHODS

Participants
We prospectively recruited 72 patients with svMCI between
September 2008 and September 2011 at Samsung Medical
Center in Seoul, Korea. All recruited patients met the modified
Petersen’s criteria for MCI as previously described (6) and had
evidence of significant ischemia on their MRI scans, seen as
a cap or band ≥ 10mm and a deep white matter lesion ≥

25mm (modified from Fazekas ischemia criteria) (7, 8). Of the
72 svMCI patients, nine were excluded because they or their
caregivers chose not to participate in the study. After a complete
description of the study, written informed consent was obtained
from each patient (or legally authorized representatives). The
Institutional Review Board of SamsungMedical Center approved
the study protocol. This study was planned and conducted in
accordance with the Declaration of Helsinki. This study has
been registered in the Korean Clinical Trial Registry (registration
number: KCT0005516).

Molecular Genetic Analysis
Genetic analysis was performed according to the protocols
previously described (4). Peripheral blood specimens were
collected after obtaining informed consent. Genomic DNA
was extracted using the Wizard Genomic DNA purification
kit according to the manufacturer’s instructions. Mutational
hotspots of the NOTCH3 gene including exons 2–6, 8, 11, 18,
19, and 22 were sequenced. All tested exons and their exon-
intron boundaries in the NOTCH3 gene were amplified by
polymerase chain reaction, as described previously (9). Cycle
sequencing was performed using a BigDye Terminator Cycle
Sequencing Ready Reaction kit on an ABI 3130xl Genetic
Analyzer (Applied Biosystems). The nucleotides of NOTCH3
complementary DNA were numbered according to a reference
sequence (GenBank accession number: NM_000435.2). Sorting

Intolerant From Tolerant (10) and Polymorphism Phenotyping
(PolyPhen-2 v2.1) (11) servers were used to predict the effect
of non-synonymous variants of unknown significance (VUS) on
protein structure, function, phenotype, sequence conservation,
and/or protein structure. In addition, 358 age- and sex-matched
healthy Korean controls were screened for novel VUS in the
NOTCH3 gene using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry, as described previously (12).
Written informed consent was obtained from all participants
including healthy controls.

Among 63 svMCI patients, nine (14.3%) had either known
mutations or variants of unknown significance (VUS). Three
known mutations were found in six patients: p.R544C (n =

4), p.R587C (n = 1), and p.V237M (n = 1). In addition, four
VUS were identified in three patients: three missense variants
(p.P572L, p.S947I, and p.R1175W) and one frameshift variant
(p.Glu990Argfs∗282). Two VUS (p.P572L and p.R1175W) were
found in one patient. A control study of 716 chromosomes
identified one variant (p.R1175W) (Supplementary Table 1).
This variant might be a polymorphism rather than a pathogenic
variant. These results were included in our previous report (4).

MRI Techniques
T1, T2, 3-dimensional fluid-attenuated inversion recovery
(FLAIR), and T2 Fast Field Echo-MR images were acquired using
the same 3.0T MRI scanner (Philips 3.0T Achieva).

Assessment of Lacunes and CMBs on MRI
Lacunes were defined as small lesions (≤15 and ≥3mm in
diameter) with low signal on T1-weighted images, high signal
on T2-weighted images, and a perilesional halo on 80 axial slices
from FLAIR images.

CMBs were defined as lesions ≤ 10mm in diameter by using
the criteria proposed by Greenberg et al. (13) on 20 axial slices of
T2∗gradient echo-MR images. CMBs were counted in four lobar
regions (frontal, temporal, parietal, and occipital) and deep brain
regions. The lobar regions were defined as regions≤ 10mm from
the brain surface.

Neuropsychological Testing
All patients underwent neuropsychological testing using the
Seoul Neuropsychological Screening Battery (14, 15).

Pittsburgh Compound B-positron Emission
Tomography ([11C]-PiB)-PET
All patients underwent a standardized [11C]-PiB-PET scan at
the Samsung or Asan Medical Center on a Discovery STE
PET/CT scanner (GE Medical Systems, Milwaukee, WI, USA) to
minimize any variance due to scanner differences. The detailed
radiochemistry profiles, scanning protocol, and data analysis
method were described in a previous study (8). Briefly, we
calculated the PiB-uptake ratio of each voxel using the cerebellum
as a reference region in the analysis. The global cortical PiB-
uptake ratio was determined by combining the bilateral frontal,
parietal, and temporal cortices, and the posterior cingulate gyrus.
Patients were considered PiB-positive if their global PiB uptake
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ratio was more than 2 standard deviations (PiB retention ratio ≥
1.5) from the mean of the normal controls.

Follow-Up Evaluations
All patients underwent clinical interviews, a neurological
examination, neuropsychological tests, brain MRI, and PiB-PET
imaging at baseline. Patients were annually evaluated for 5
years through clinical interviews, neuropsychological tests, and
brain MRI.

Completeness of follow-up was 63/63 (100%) at 1 year,
60/63 (95.2%) at 2 years, 55/63 (87.3%) at 3 years, 51/63
(81.0%) at 4 years, and 43/63 (68.3%) at 5 years; 7/9
(77.8%) among NOTCH3(+) svMCI and 36/54 (66.7%)
among NOTCH3(–) svMCI (Supplementary Figure 1). The
comparison between patients with and without complete
5-year follow-up is shown in Supplementary Table 2. There
were no significant differences between the two groups
except for the female ratio. The female ratio was higher in
patients with complete 5-year follow-up than in those without
complete follow-up.

Statistical Analysis
To analyze the baseline differences between svMCI patients with
and without NOTCH3 variant, we used the Chi-square test
or Fisher’s exact test for categorical variables, and the Mann–
Whitney U-test or Student t-test for continuous variables.

We used the linear mixed-effects model to estimate changes
in CSVD markers and cognitive measures over the follow-
up period. In the linear mixed-effects model, the interactions
between the presence of NOTCH3 variant and time interval
(presence of NOTCH3 variant × time) were explored to
determine the influence of the presence of NOTCH3 variant on
the rate of change in CSVD markers. We controlled for age,
HTN, baseline number of lacunes or CMBs, and time interval
from baseline tests. To determine the trend of changes in each
group, linear mixed-model analyses were separately performed
in each group using age, HTN, and baseline number of lacunes or
CMBs as covariates, and time interval from baseline evaluation as
a predictor.

Longitudinal changes of cognitive scores in two svMCI
groups were compared with linear mixed-effect models using
the presence of NOTCH3 variant and time interval (presence
of NOTCH3 variant × time) as a predictor; age, sex, education,
and time interval from baseline tests were used as covariates.
Because multiple cognitive scores were used for comparison,
correction for multiple comparisons was performed by false
discovery rate correction.

Cox regression models were used to compare the risks of
progression to dementia between NOTCH3(+) and NOTCH3(–)
svMCI groups after controlling for age, sex, education, and
PiB positivity. Patients who did not progress to dementia were
treated as censored observations from the time of their final
follow-up visit.

TABLE 1 | Baseline characteristics of patients with subcortical vascular mild

cognitive impairment (svMCI), with and without NOTCH3 variant.

NOTCH3(+)

svMCI

NOTCH3(–)

svMCI

p-value

Number 9 54

Demographics

Baseline age, mean ± SD (years) 70.3 ± 10.5 72.8 ± 6.3 0.519

Sex, female, N (%) 4 (44.4) 33 (61.1) 0.469

Education, mean ± SD (years) 8.4 ± 6.0 9.1 ± 6.3 0.610

Vascular risk factor, N (%)

Hypertension 8 (88.9) 41 (75.9) 0.670

Diabetes mellitus 1 (11.1) 14 (25.9) 0.673

Hyperlipidemia 4 (44.4) 15 (27.8) 0.434

APOE4 carrier, N (%) 1 (11.1) 12 (22.2) 0.671

Imaging markers

Number of lacunes, median (IQR) 8 (3–12) 3 (1–7) 0.095

Number of CMBs, median (IQR) 4 (1–16) 0 (0–5) 0.135

PiB positive (SUVR ≥ 1.5), N (%) 1 (11.1) 18 (33.3) 0.253

PiB SUVR, median (IQR) 1.25

(1.18–1.40)

1.35

(1.25–1.59)

0.147

General cognition

MMSE, mean ± SD 25.8 ± 5.3 26.0 ± 3.0 0.488

CDR–SOB, median (IQR) 1 (0.5–1.5) 1 (0.5–1.5) 0.739

Geriatric depression scale, mean ± SD 10.3 ± 5.6 12.9 ± 5.8 0.222

Follow–up duration, mean ± SD 55.7 ± 11.6 52.5 ± 15.9 0.844

Dementia conversion, N (%) 1 (11.1) 12 (22.2) 0.671

SD, Standard deviation; IQR, Interquartile range; CMB, Cerebral microbleed; SUVR,

Standardized uptake value ratio; MMSE, Mini-Mental State Examination; CDR-SOB,

Clinical Dementia Rating Scale Sum of Boxes.

RESULTS

Baseline Characteristics and Longitudinal
Follow-Up
Baseline characteristics of the subjects are shown in Table 1.
There were no significant differences between the two groups
with respect to age, sex ratio, education years, and prevalence of
vascular risk factors. No significant group differences were seen
in the baseline number of lacunes and CMBs, PiB SUVR, and
mini-mental state exam (MMSE) and clinical dementia rating
scale sum of boxes (CDR-SOB) scores.

The mean (standard deviation) duration of follow-up were
55.7 (11.6) months in nineNOTCH3(+) svMCI patients and 52.5
(15.9) months in 54 NOTCH3(–) svMCI patients. Thirteen of 63
patients (20.6%) showed conversion to dementia on follow-up:
1/9 (11.1%) among the NOTCH3(+) svMCI group and 12/54
(22.2%) among the NOTCH3(–) svMCI group. The time to
dementia diagnosis was 11 months in one NOTCH3(+) svMCI
patient. The mean (range) time to dementia diagnosis was 31.1
(11–54) months in 12 NOTCH3(–) svMCI patients.

The Impact of NOTCH3 Variant on
Longitudinal Changes of CSVD Markers
Linear mixed-effect model analysis separately performed
in each svMCI group showed that there were increases in
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TABLE 2 | Comparison of longitudinal changes in the number of lacunes and cerebral microbleeds in patients with subcortical vascular mild cognitive impairment (svMCI),

with and without NOTCH3 variant.

NOTCH3(+) svMCI* NOTCH3(–) svMCI* NOTCH3(+) svMCI

vs. NOTCH3(–) svMCI (reference)†

ß (SE) p ß (SE) p ß (SE) p

Lacunes (Total) 0.83 (0.21) <0.001 0.37 (0.06) < 0.001 0.32 (0.15) 0.034

CMBs

Total 1.24 (0.30) <0.001 0.28 (0.09) 0.002 0.48 (0.22) 0.037

Deep 0.70 (0.24) 0.008 0.19 (0.07) 0.009 0.49 (0.18) 0.007

Lobar 0.11 (0.12) 0.336 0.13 (0.06) 0.031 0.01 (0.15) 0.961

SE, Standard error; CMBs, Cerebral microbleeds.

*Results of linear mixed models separately performed in NOTCH3(+) or NOTCH3(–) svMCI group using age, HTN, and baseline number of lacunes (or CMBs) as covariates, and time

interval from baseline evaluation as a predictor.
†
Results of linear mixed models using age, HTN, baseline number of lacunes (or CMBs), and time interval from baseline tests as covariates, and the interaction between the presence

of NOTCH3 mutation and time interval as a predictor.

FIGURE 1 | Scatterplot of the predicted number of lacunes (A) and cerebral microbleeds (CMBs) (B) in subcortical vascular mild cognitive impairment (svMCI)

patients with and without NOTCH3 variant. The solid and dotted lines show the linear regression model of patients with and without NOTCH3 variant, respectively.

Analysis controlled for age, HTN, baseline number of lacunes or CMBs, and time interval from baseline test.

lacune and CMB counts in both svMCI groups according
to the time interval from baseline evaluation (Table 2).
The linear mixed-effect models that tested the interactive
effect of NOTCH3 variant and time showed that the
NOTCH3(+) svMCI group had much greater increases in
lacune and CMB (total and deep) counts than NOTCH3(–)
svMCI group after controlling for age, HTN, and baseline

number of lacunes or CMBs (Table 2). Figure 1 shows the
estimated effect of NOTCH3 variant on the longitudinal
changes of the number of lacunes and CMBs over a 5-year
follow-up period.

The Impact of NOTCH3 Variant on
Longitudinal Cognitive Changes
In the linear mixed-effect model that tested the interactive
effect of NOTCH3 variant and time on changes of
neuropsychological test scores, no neuropsychological
tests showed significant differences in longitudinal
change according to the presence of NOTCH3 variant
(Table 3).

Cox regression model showed that dementia risk was not
significantly different between NOTCH3(+) and NOTCH3(–)
svMCI patients after controlling for age, sex, education, and
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TABLE 3 | Comparison of longitudinal changes in neuropsychological test scores

between subcortical vascular mild cognitive impairment (svMCI) patients with and

without NOTCH3 variant.

Neuropsychological test NOTCH3(+) svMCI

vs. NOTCH3(–) svMCI (reference)*

ß (SE) p

Digit span forward −0.06 (0.09) 1.000

Digit span backward −0.05 (0.07) 0.916

Calculation 0.05 (0.16) 0.908

K-BNT 0.40 (0.55) 0.842

RCFT copy 0.27 (0.41) 0.773

SVLT immediate recall 0.38 (0.32) 0.711

SVLT delayed recall 0.10 (0.16) 0.681

SVLT recognition 0.40 (0.20) 0.387

RCFT immediate recall −0.06 (0.41) 0.943

RCFT delayed recall −0.25 (0.36) 0.792

RCFT recognition −0.36 (0.16) 0.576

COWAT animal 0.03 (0.29) 0.909

COWAT supermarket 0.30 (0.32) 0.928

COWAT phonemic −0.63 (0.46) 0.783

Stroop color reading 0.96 (1.49) 0.720

MMSE 0.41 (0.30) 0.634

CDR sum of boxes −0.27 (0.18) 0.750

Geriatric depression scale −0.34 (0.54) 0.637

SE, standard error; K-BNT, Korean version of Boston Naming Test; RCFT, Rey–Osterrieth

Figure Test; SVLT, Seoul Verbal Learning Test; COWAT, Controlled Oral Word Association

Test; MMSE, Mini-mental Status Examination; CDR, Clinical Dementia Rating.

*Results of linear mixed models using age, sex, education, and time interval from baseline

tests as covariates, and the interaction between the presence of NOTCH3 mutation and

time interval as a predictor. P-values are corrected for multiple comparisons using false

discovery rate correction.

PiB positivity (p = 0.763; adjusted hazard ratio, 0.723; 95%
confidence interval, 0.088–5.926) (Figure 2).

DISCUSSION

In this prospective study, we compared the longitudinal course
of svMCI patients according to the presence of NOTCH3
variant in a well-defined svMCI cohort based on standardized
imaging protocols, detailed clinical evaluation, and genetic
analysis. Regarding the longitudinal changes of CSVD markers,
NOTCH3(+) svMCI patients showed much greater increase in
lacune and CMB counts than the NOTCH3(–) svMCI patients.
However, there were no significant differences between the
two groups regarding longitudinal cognitive changes including
dementia conversion rate and neuropsychological score changes
over 5 years. We believe this is the first study to compare the
longitudinal changes of CSVD markers and cognition between
SVCI patients with and without NOTCH3 variant.

Our major finding was that the rate of increase in lacune
and CMB counts was much greater in patients with NOTCH3
variant than in those withoutNOTCH3 variant. Because previous
longitudinal studies have suggested that the baseline burden of
CSVD is associated with the rate of change in CSVD markers
(16, 17), we adjusted for baseline lacune and CMB counts. We

FIGURE 2 | Cox proportional hazards model for progression to dementia in

subcortical vascular mild cognitive impairment (svMCI) according to the

presence of NOTCH3 variant. Analysis controlled for age, sex, education, and

PiB positivity. The solid and dotted lines indicate patients with and without

NOTCH3 mutation, respectively.

also controlled for age and HTN as well-known risk factors for
progression of CSVD. The presence of NOTCH3 variant still
remained an independent predictor for change in lacune and
CMB counts.

Mutations in theNOTCH3 gene cause degeneration of smooth
muscle cells in the tunica media and thickening of the walls of
cerebral small vessels (18, 19). Lacunes in CADASIL are caused
by reduced microvascular perfusion due to small arteriopathy
affected by NOTCH3 mutation. Considering the similar burden
of conventional vascular risk factors and additional damage to
cerebral small vessels by NOTCH3mutation, it is understandable
that NOTCH3(+) svMCI patients in our study showed a
markedly greater increase in lacune count than NOTCH3(–)
svMCI patients.

Both total and deep CMBs tended to increase much faster
in NOTCH3(+) than NOTCH3(–) patients; however, this
association was not found in lobar CMBs. In previous CADASIL
studies, the distribution of CMBs is predominantly in deep
location including the bilateral thalami and basal ganglia and
less commonly at the gray–white junction (20–22). NOTCH3
mutations cause arteriopathy affecting the small cerebral (deep)
and leptomeningeal (superficial) penetrating arteries (23), and
CMBs might result from vascular leakage of these fragile small
vessels (24). Although superficial small perforating arteries
associated with lobar CMBs might be also affected by NOTCH3
mutation, the majority are thought to be deep small perforating
arteries responsible for deep CMBs.

Lacunes and CMBs have been associated with cognitive
impairment and decline in many previous cross-sectional (25–
28) and longitudinal studies (29–32). A previous 7-year follow-up
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study investigating longitudinal associations between radiologic
changes and cognitive decline in CADASIL patients have also
shown that cognitive decline might be associated with increases
in lacune and CMB counts (33). However, unexpectedly,
despite a much greater increase in lacune and CMB counts in
NOTCH3(+) svMCI patients than NOTCH3(–) svMCI patients,
there were no significant differences in dementia conversion rate
or neuropsychological score changes over 5 years between the
two groups. This is likely because of similar baseline CSVD
burden and inadequate differences in radiological changes to
make a significant difference to cognitive decline between the two
groups. Baseline CSVD burden including the number of lacunes
or CMBs has been a significant predictor of cognitive decline in
previous longitudinal studies (29–32). In our study, both svMCI
groups with and without NOTCH3 variant had relatively severe
CSVD burden at baseline with a similar degree between the
two groups. It is also possible that a much longer follow-up
is required to demonstrate significant differences in cognitive
decline between the two groups. Another possible explanation
is because of amyloid burden. In our study, NOTCH3(–) svMCI
group tended to have more amyloid burden than NOTCH3(+)
svMCI group, although it was not statistically significant. In
previous studies from our group, higher amyloid uptake in
svMCI was associated with more severe cognitive impairment
and faster cognitive decline (34, 35). A relatively small number
of NOTCH3(+) patients could have also attributed to these
negative findings.

The strengths of our study are its prospective setting,
standardized imaging protocols, and detailed clinical evaluation
during follow-up. However, our results should be interpreted
with caution because our NOTCH3(+) patients were not
representative of the typical CADASIL patients (4). This was
a single-center study examining a small cohort of patients
and the sample size of the NOTCH3(+) svMCI group was
particularly small. The rate of follow-up loss at 5 years was
relatively high. Finally, the possibility of polymorphisms rather
than pathogenic variants remains in three VUS, although these
VUS were not found in 716 control chromosomes. Thus, we
performed additional analyses excluding three patients with VUS
and obtained similar results (Supplementary Tables 3, 4).

CONCLUSION

NOTCH3(+) svMCI group had much greater increases
in the lacune and cerebral microbleed counts than the
NOTCH3(–) svMCI group. However, there were no significant
differences between the two groups regarding dementia
conversion rate and neuropsychological score changes over
5 years.
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Background: Screening for post-stroke cognitive impairment (PSCI) is necessary

because stroke increases the incidence of and accelerates premorbid cognitive decline.

The Quick Mild Cognitive Impairment (Qmci) screen is a short, reliable and accurate

cognitive screening instrument but is not yet validated in PSCI. We compared the

diagnostic accuracy of a Chinese version of the Qmci screen (Qmci-CN) compared with

the widely-used Chinese versions of the Montreal Cognitive Assessment (MoCA-CN) and

Mini-Mental State Examination (MMSE-CN).

Methods: We recruited 34 patients who had recovered from a stroke in rehabilitation

unit clinics in 2 university hospitals in China: 11 with post-stroke dementia (PSD),

15 with post-stroke cognitive impairment no dementia (PSCIND), and 8 with normal

cognition (NC). Classification was made based on clinician assessment supported by

a neuropsychological battery, independent of the screening test scores. The Qmci-CN,

MoCA-CN, and MMSE-CN screens were administered randomly by a trained rater, blind

to the diagnosis.

Results: The mean age of the sample was 63 ± 13 years and 61.8% were male. The

Qmci-CN had statistically similar diagnostic accuracy in differentiating PSD from NC, an

area under the curve (AUC) of 0.94 compared to 0.99 for the MoCA-CN (p = 0.237) and

0.99 for the MMSE-CN (p = 0.293). The Qmci-CN (AUC 0.91), MoCA-CN (AUC 0.94),

and MMSE-CN (AUC 0.79) also had statistically similar accuracy in separating PSD from

PSCIND. The MoCA-CN more accurately distinguished between PSCIND and normal

cognition than the Qmci-CN (p= 0.015). Compared to the MoCA-CN, the administration

times of the Qmci-CN (329s vs. 611s, respectively, p < 0.0001) and MMSE-CN (280 vs.

611s, respectively, p < 0.0001) were significantly shorter.

Conclusion: The Qmci-CN is accurate in identifying PSD and separating PSD

from PSCIND in patients post-stroke following rehabilitation and is comparable to

the widely-used MoCA-CN, albeit with a significantly shorter administration time.
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The Qmci-CN had relatively poor accuracy in identifying PSCIND fromNC and hencemay

lack accuracy for certain subgroups. However, given the small sample size, the study

is under-powered to show superiority of one instrument over another. Further study is

needed to confirm these findings in a larger sample size and in other settings (countries

and languages).

Keywords: cognition screen, mild cognitive impairment, post-stroke dementia, China, stroke, Qmci-CN

INTRODUCTION

Post-stroke cognitive impairment (PSCI) is increasingly
prevalent among community-dwelling older adults, due to the
increasing incidence and the decreasing mortality associated
with stroke (1, 2). This trend is also evident in China (3).
According to the degree of cognitive decline and impairment in
activities of daily living (ADL), patients with PSCI can be divided
into 2 groups: post-stroke cognitive impairment no dementia
(PSCIND), those with slight cognitive impairment with or
without subtle impairment in instrumental ADL (IADL) and
those with established post-stroke dementia (PSD) with definite
impairment in basic ADL (BADL) (4). PSCI is common in
China, affecting∼80% of stroke survivors of which PSCIND and
PSD represent around 49% and 32% of cases, respectively (5).
Once established cognition may decline rapidly (6). Despite this,
care usually focuses on post-stroke physical disability with less
attention paid to cognitive decline (7–9). PSCI has a significant
impact on independence and on the potential to return to work
after stroke (10). Given these points, international guidelines
recommend cognitive screening for those at risk of PSCI (4, 11).

As yet, no single screening and assessment tool is
recommended, although tools should be selected according
to the population being evaluated, the stage of progression based
on functional status, the preferences of patients and families, as
well as the resources available (4). Studies show that both the
Montreal Cognitive Assessment (MoCA) and Mini Mental State
Examination (MMSE) are both widely-used to detect cognitive
impairment after stroke, though in a recent systematic review
comparing the accuracy and utility of instruments, the MoCA
was shown to be the most valid and clinically feasible to identify
PSCI (12). The Chinese version of theMoCA (MoCA-CN) shows
high sensitivity and specificity for PSCI (13) as well as other types
of vascular cognitive impairment (14), although the Chinese
version of MMSE (MMSE-CN) remains the most widely-used
screening instrument in China (4).

The Quick mild cognitive impairment (Qmci) screen is a
new, short cognitive screening instrument originally designed
to identify mild cognitive impairment (MCI), which is highly
accurate in differentiating between normal cognitive function,
subjective cognitive disorders, MCI and early dementia (15, 16).
The Qmci screen is more accurate than MMSE in detecting
early cognitive changes (17–19) and when compared to the
MoCA, it has similar accuracy and better specificity but a shorter
administration time (20–22). The Chinese version of the Qmci
(Qmci-CN) has recently been validated in a Chinese general
rehabilitation outpatient clinic sample (23). To date, the Qmci

screen has not been examined in patients post-stroke. Given this
point, the aim of this research was to investigate the diagnostic
accuracy of the Qmci-CN in detecting cognitive impairment by
comparing it to Chinese versions of the standardized MMSE
(MMSE-CN) and MoCA (MoCA-CN) in patients recovering
from stroke attending Chinese rehabilitation unit clinics.

METHODS

Participants
Consecutive participants were recruited by therapists from
rehabilitation clinics in two hospitals in Guangzhou, China
between August 2017 and April 2018. All patients were aged
over 18 years of age and had a stroke diagnosed by a
neurologist confirmed with brain imagining (CT or MRI).
Only patients consented by their attending doctor participated.
The study excluded patients who were unable to communicate
verbally in Chinese or had communication problems that could
influence the performance of cognitive testing such as severe
dysphasia, apraxia, visual impairment, hearing loss, or altered
consciousness. Patients with known dementia prior to the stroke
or those with existing neurological, psychiatric disorders or
other comorbidities that potentially affect cognitive function, e.g.,
Parkinson’s disease were also excluded. Further, patients who
couldn’t read and write, those with a recent history of alcohol or
drug abuse and those who declined to participate were excluded.
All those included signed informed written consent. This study
received ethical approval from The Six Affiliated Hospital of Sun
Yat-sen University, reference number 2019ZSLYEC-110.

The Qmci-CN
The Qmci screen has 6 subtests covering 5 cognitive domains
(16). The first subtest examines orientation to place and time.
The second, five-word registration, examines attention and
working memory. The third, a clock drawing test, examines
visuospatial/executive function and attention. The fourth subtest
is delayed recall examining episodic memory (5-word recall). The
next subtest is categorical verbal fluency tests sematic memory
and language (e.g., naming of animals in 1min). The final
subtest is logical memory, immediate verbal recall of a short
story, which also examines episodic memory. Each subtest is
time-limited with an administration time of ∼5min for the
Qmci screen (16). The total possible score is 100 points with
higher scores suggesting normal cognition. The optimal cut-off
score for cognitive impairment (MCI and dementia vs. normal
controls) for the Qmci screen (original English language version)
is ≤62/100 (20). However, the optimal cut-off for the Chinese
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version (Qmci-CN) is lower at ≤55/100 (23). This difference is
considered to be multi-factorial but most likely relates to the
small sample of Chinese patients included in the single validation
study to date (23).

Data Collection
Patients’ characteristics including their age, sex, educational level,
and other demographic and clinical information were collected.
The Qmci-CN,MoCA-CN, andMMSE-CNwere administered in
random order by a trained rater, who was blind to the diagnosis.
The interval between administration of the scales was ∼5min.
Following screening, patients were administered a battery of
neuropsychologist tests and the Lawton Instrumental Activities
of Daily Living (IADL) scale (24) scale to support a clinician to
make a diagnosis and classify patients into those with normal
cognition, PSCIND, and PSD. The diagnostic classification was
made independent of the results of the cognitive screening
instruments. The following neuropsychological tests were used
to assess cognitive function: (1) The Auditory Verbal Learning
Test–H tested memory including immediate and delayed recall
(25); (2) The Rey-Osterrieth Complex Figure Test (RCFT) was
used to examine the visuospatial function domain (26, 27); (3)
Animal Fluency Test was used to assess language (27);(4) and
the Chinese modified version of the Trail Making Test (TMT-
A, TMT-B) was used to examine executive function (28). The
caregiver burden inventory was also administered to the family
or nurse of the patient to assess carer strain (29). These widely-
used scales were chosen as they have good reliability and validity.
PSCIND was diagnosed among those with decline in at least
1 cognitive domain (memory, visuospatial function, language
and executive function) but normal or subtle functional IADL
decline related to cognitive decline rather than stroke-related
(4). PSD was diagnosed if at least 2 out of 4 cognitive function
domains were impaired on the neuropsychologist tests with ADL
impairment attributable to cognitive decline rather than stroke-
related physical disability.

Statistical Analyses
Statistical analyses were performed with SPSS 20.0 and
MEDCALC R© 19.2.0. The Chi-squared (χ2) test was used
to investigate differences between categorical variables among
groups. Normality was tested with Shapiro-Wilk test. If variables
were normally distributed, then Levene’s test for homogeneity of
variance was performed. Variables with homogeneity of variance,
were compared using a student t-test or one-way analysis of
variance (ANOVA) for differences between three or more groups
(NC, PSCIND and PSD). If data weren’t normally distributed, the
Kruskal-Wallis H test was used to test for differences between
the 3 diagnostic groups. Significance was set a level of 0.05.
Receiver operating characteristic (ROC) curve analysis was used
to assess diagnostic accuracy based on the area under the curve
(AUC). ROC curves were compared using the DeLong method
(30). Accuracy was excellent if AUC results were between 0.90
and 1.0, good if they were between 0.8 and 0.9, fair if between
0.7 and 0.8, poor between 0.6 and 0.7, and where values were
found to be between 0.50 and 0.60 they were regarded as a fail.
The optimal cut-off for each test was determined from Youden’s

Index (J = sensitivity + specificity−1). We estimated sample
size using a precision-based calculation. Here as the expected
prevalence of cognitive impairment (PSD or PSCIND) was∼70%
based on existing studies (5) and the sensitivity and specificity of
the Qmci-CN for detecting cognitive impairment is∼85% [based
on existing studies of the instrument (15)], it was estimated that
between 70 and 164 patients would be required at a precision of
0.1 (10%) at a significance of 0.05 (α).

RESULTS

In all, 230 patients with stroke were screened for the study, 125
patients with stroke were excluded as they met exclusion criteria,
while 54 declined to participate. Hence, 51 patients with stroke
were recruited. Among these, 17 patients did not complete the
full assessment. Of the final sample of 34 patients included, 8 had
normal cognition (NC), 15 were classified as having PSCIND and
11 patients were diagnosed with PSD. Patient characteristics are
presented in Table 1. In all, 13 (38.2%) participants were female.
The mean age of the total sample was 63 years, with a standard
deviation (SD) of 13 years. The mean (±SD) age of those in the
NC, PSCIND, and PSD group were 58 (± 13), 65 (±11), and
65 (±16) years, respectively. The mean (±SD) number of years
in education of all participants was 13(±4) years, with a mean
of 14(±5), 13(±3), and 10(±5) among the NC, PSCIND and
PSD groups, respectively. There were no statistically significant
differences in age (p = 0.338), sex (p = 0.254), or educational
level (p = 0.306) between the 3 diagnostic groups. The interval
between presentation with stroke and the assessment varied from
2 weeks up to 13 years.

Cognitive Test Scoring and Administration
The median scores and administration times for each
diagnostic group with their interquartile range (IQR) including
comparisons between all 3 diagnostic groups and pair-wise
comparisons are presented in Table 2. We found statistically
significant differences in total median test scores between
all 2 diagnostic groups (NC, PSCIND, and PSD) (p < 0.01).
Analyses showed that all 3 diagnostic groups were different from
each other, and higher tests scores related with higher level of
cognitive ability. While the MoCA showed a clear gradient in
median scores from NC to PSCIND and PSD (decreasing from
27 to 22 to 13), the Qmci-CN had similar median scores for NC
and PSCIND. The MMSE-CN had similar values for PSCIND
and PSD. Comparisons between administration times for the
cognitive screens are presented in Table 3. The median (± IQR)
administration time for the Qmci-CN was 328.50 ± 50.25 s vs.
610.87 ± 116.75 for the MoCA-CN, a statistically significant
difference (p < 0.0001). The median administration time for
the MMSE-CN was 280.17 ± 43.75, which was also shorter
than the MoCA-CN (p < 0.0001). Examining administration
times by diagnostic classification group showed that there were
no significant differences for either the Qmci-CN (p = 0.144),
MoCA-CN (p = 0.333), or MMSE-CN (p = 0.173). A moderate
gradient effect was seen with the Qmci-CN (r = 0.52, p= 0.771);
those with better cognition had higher scores, albeit these were
not statistically significantly shorter.
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TABLE 1 | Characteristics of the participants included in total (n = 34) and according to diagnosis classification.

Characteristics All

(n = 34)

N (%) or

Mean ± SD

[Range]

NC

(n = 8)

N (%) or

Mean ± SD

[Range]

PSCIND

(n = 15)

N (%) or

Mean ± SD

[Range]

PSD

(n = 11)

N (%) or

Mean ± SD

[Range]

P = x

Gender

Female 13 (38.2%) 1(12.5%) 5(33.3%) 6(54.5%) 0.254

Male 21 (61.8%) 7(87.5%) 9(60%) 5(45.5%)

Age (years) 63.38 ± 13.07

[31–85]

57.75 ± 12.78

[31–71]

65.4 ± 11.12

[45–79]

64.73 ± 15.58

[43–85]

0.338

Education (years) 12.56 ± 4.25

[0–19]

14.25 ± 4.56

[6–19]

13 ± 3.29

[6–17]

10.74 ± 4.86

[0–19]

0.306

Living arrangements

Living with family 26 (76.5%) 8 (100%) 12 (80%) 8 (90.9%) 0.188

Living with a formal carer 6 (17.6%) 0 (0%) 3 (20%) 2 (18.2%)

Living alone 2 (5.9%) 0 (0%) 0 (0%) 1 (9.1%)

Work intensity

Low 11 (32.4%) 3 (37.5%) 6 (40%) 1 (9.1%) 0.110

Medium 5 (14.7%) 3 (37.5%) 6 (40%) 7 (63.6%)

High 5 (14.7%) 2 (25%) 2 (13.3%) 1 (9.1%)

Other (none, volunteer or not provided) 13 (38.2%) 0 (0%) 1 (6.7%) 2 (18.2%)

Hypertension (proportion with) 20 (58.8%) 4 (50%) 12 (80%) 10 (90.0%) 0.021*

Hyperglycaemia (proportion with) 13 (38.2%) 3 (37.5%) 5 (33.3%) 4 (36.4%) 0.204

Hyperlipemia (proportion with) 9 (26.5%) 1 (12.5%) 8 (53.3%) 1 (9.1%) 0.034*

Dyssomnia (proportion with) 7 (20.6%) 2 (25%) 4 (26.7%) 1 (9.1%) 0.202

NC, normal cognitive; PSCIND, post-stroke cognitive impairment no dementia; PSD, post-stroke dementia; SD, standard deviation.

*Statistically significant (p < 0.05).

TABLE 2 | Test scores and administration times for the Chinese versions of the quick mild cognitive impairment screen (Qmci-CN), montreal cognitive assessment

(MoCA-CN) and mini mental state examination (MMSE-CN) by diagnostic group.

Cognitive test

(score/

administration

time)

Total sample

(n = 34)

NC

(n = 8)

PSCIND

(n = 15)

PSD

(n = 11)

Kruskal–

Wallis H-test

comparing all

3 groups

(P = x)

NC vs.

PSCIND

(P = x)

NC vs.

Post-stroke CI

(PSCIND &

PSD) (P = x)

PSCIND

vs. PSD

(P = x)

Qmci-CN scores

(median ± IQR)

55.50 ± 14.25

[0–69]

57.50 ± 8.25

[48–66]

57.00 ± 7.00

[47–69]

37.00 ± 35.00

[4–57]

P < 0.001* P = 0.548 P = 0.074 P < 0.001*

MoCA-CN scores

(median ± IQR)

22.00 ± 8.50

[1–30]

27.00 ± 5.50

[22–30]

22.00 ± 3.00

[15–27]

13.00 ± 9.00

[1–22]

P < 0.001* P = 0.007* P < 0.001* P < 0.001*

MMSE-CN scores

(median ± IQR)

25.00 ± 3.79 27.00 ± 1.00 24.00 ± 3.71 23.00 ± 17.00 P = 0.001* P = 0.040 P = 0.003* P = 0.011

[0–30] [25–29] [23–30] [0–25]

Qmci-CN time (s)

(median ± IQR)

328.50 ± 50.25

[150–408]

273.00 ± 91.00

[230–382]

331.00 ± 41.00

[298–406]

335.00 ± 45.00

[150–408]

P = 0.144 P = 0.034 P = 0.082 P = 0.878

MoCA-CN time (s)

(median ± IQR)

610.87 ± 116.75

[176–1023]

580.50 ± 154.65

[357–633]

617.00 ± 186.00

[454–791]

610.87 ± 286.00

[176–1023]

P = 0.333 P = 0.076 P = 0.110 P = 1.000

MMSE-CN time(s)

(median ± IQR)

280.17 ± 43.75 255.00±59.38 280.17 ± 15.00 280.17 ± 70.00 P = 0.173 P = 0.076 P = 0.110 P = 0.799

[178–510] [178–326] [193–329] [182–510]

CI, cognitive impairment; IQR, interquartile range; NC, normal cognition; PSCIND, post-stroke cognitive impairment no dementia; PSD, post-stroke dementia. *Statistically significant (p

< 0.01).
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TABLE 3 | ANOVA Post-hoc pair-wise analysis comparing administration times for the Qmci-CN screen, MoCA-CN, and MMSE-CN.

Variable Group 1 Group 2 Mean difference Std. error P-value 95% Confidence interval

Lower bound Upper bound

Time taken Qmci-CN MoCA-CN −291.753 30.567 <0.0001 −368.33 −215.18

Qmci-CN MMSE-CN 38.951 18.562 0.123 −7.48 85.38

MoCA-CN MMSE-CN 330.704 33.434 <0.0001 247.84 413.57

MMSE-CN, mini mental state examination; MoCA-CN, montreal cognitive assessment; Qmci-CN, quick mild cognitive impairment screen.

TABLE 4 | Area Under the Curve (AUC) values and optimal cut-offs for the Chinese versions of the quick mild cognitive impairment (Qmci-CN) screen, montreal cognitive

assessment (MoCA-CN), and mini mental state examination (MMSE-CN).

Diagnostic classification Cognitive screen AUC

[95% CI]

Optimal

cut-off point

(youden index)

Sensitivity and specificity

[%]

PSCIND vs. NC Qmci-CN 0.583

[0.336–0.831]

≤55.5 Sensitivity = 88%, Specificity = 53%

MoCA-CN 0.842

[0.672–1.000]

≤26 Sensitivity = 63%, Specificity = 7%

MMSE-CN 0.763

[0.561–0.964]

≤26.5 Sensitivity = 88%, Specificity = 27%

PSD vs. NC Qmci-CN 0.938

[0.833–1.000]

≤47 Sensitivity = 100%, Specificity = 18%

MoCA-CN 0.994

[0.972–1.000]

≤19.5 Sensitivity = 100%, Specificity = 9%

MMSE-CN 0.983

[0.935–1.000]

≤26 Sensitivity = 88%, Specificity = 0%

PSD vs. PSCIND Qmci-CN 0.909

[0.783–1.000]

≤46.5 Sensitivity = 100%, Specificity = 18%

MoCA-CN 0.936

[0.839–1.000]

≤18.5 Sensitivity = 93%, Specificity = 9%

MMSE-CN 0.791

[0.613–0.969]

≤21 Sensitivity = 100%, Specificity = 55%

Post stroke CI (PSCIND/PSD)

vs. NC

Qmci-CN 0.733

[0.558–0.909]

≤55.5 Sensitivity = 88%, Specificity = 39%

MoCA-CN 0.906

[0.800–1.000]

≤21.5 Sensitivity = 100%, Specificity = 39%

MMSE-CN 0.856

[0.727–0.984]

≤26.5 Sensitivity = 88%, Specificity = 15%

PSD vs.

Post stroke CI (NC/PSCIND)

Qmci-CN 0.919

[0.808–1.000]

≤46.5 Sensitivity = 100%, Specificity = 18%

MoCA-CN 0.957

[0.889–1.000]

≤18.5 Sensitivity = 96%, Specificity = 9%

MMSE-CN 0.858

[0.730–0.985]

≤23.64 Sensitivity = 74%, Specificity = 27%

CI, cognitive impairment; NC, normal cognition; PSCIND, post-stroke cognitive impairment no dementia; PSD, post stroke dementia.

Screening for Post-stroke Cognitive
Impairment (PSCIND and PSD)
Measures of diagnostic accuracy including optimal cut-offs for
each instrument are presented in Table 4. Cross cross-tabulated
results are provided as Supplementary Material. Comparisons
between instruments are presented in Table 5. ROC curve
analyses showed that the Qmci-CN, MoCA-CN and MMSE-CN
had similar accuracy in separating PSD from NC; the MoCA-
CN (AUC 0.994) had slightly higher accuracy but this was not

statistically greater than the Qmci-CN (AUC 0.938) or MMSE-
CN (AUC 0.983). At their optimal cut-offs, all 3 tests showed

excellent sensitivity but poor specificity for the ability to separate

PSD fromNC. The Qmci-CN had an optimal cut-off score of≤47

vs. ≤19.5 for the MoCA-CN and ≤26 for the MMSE-CN. The

results also showed that the Qmci-CN, MMSE-CN, and MoCA-

CN had statistically similar accuracy in separating PSCIND from
PSD. The Qmci-CN had an AUC of 0.906 compared to an AUC of
0.936 for theMoCA-CN and an AUC of 0.791 for theMMSE-CN.
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TABLE 5 | Pair-wise comparisons between the diagnostic accuracy of the

Chinese versions of the quick mild cognitive impairment (Qmci-CN) screen,

montreal cognitive assessment (MoCA-CN) and mini mental state examination

(MMSE-CN).

Diagnostic

classification

Comparison group

(area under the curve)

Z-statistic P-value

PSCIND vs. NC Qmci-CN MoCA-CN 2.442 0.015*

(0.583) (0.842)

Qmci-CN MMSE-CN 1.457 0.145

(0.583) (0.763)

MoCA-CN MMSE-CN 0.747 0.455

(0.842) (0.763)

PSD vs. NC Qmci-CN MoCA-CN 0.517 0.237

(0.938) (0.994)

Qmci-CN MMSE-CN 1.818 0.293

(0.938) (0.983)

MoCA-CN MMSE-CN 1.866 0.406

(0.994) (0.983)

PSD vs. PSCIND Qmci-CN MoCA-CN 0.517 0.605

(0.909) (0.936)

Qmci-CN MMSE-CN 1.818 0.069

(0.909) (0.791)

MoCA-CN MMSE-CN 1.866 0.062

(0.936) (0.791)

Post stroke CI

(PSCIND/PSD) vs. NC

Qmci-CN MoCA-CN 2.489 0.013*

(0.733) (0.906)

Qmci-CN MMSE-CN 1.594 0.111

(0.733) (0.856)

MoCA-CN MMSE-CN 0.842 0.400

(0.906) (0.856)

PSD vs.

NC/PSCIND

Qmci-CN MoCA-CN 0.795 0.426

(0.919) (0.957)

Qmci-CN MMSE-CN 1.216 0.224

(0.919) (0.858)

MoCA-CN MMSE-CN 1.821 0.069

(0.957) (0.858)

CI, cognitive impairment; NC, normal cognition; PSCIND, post-stroke cognitive

impairment no dementia; PSD, post-stroke dementia.

*Statistically Significant.

ROC analysis showed that the Qmci-CN had an AUC of
0.733 compared with AUCs of 0.906 and 0.856 for the MoCA-
CN and MMSE-CN, respectively, in separating PSCI (either
PSCIND/PSD) from NC. The Qmci-CN was less accrate than
the MoCA-CN (p = 0.013) but was similar to the MMSE-
CN (p = 0.11) in differentiating PSCI (either PSCIND/PSD)
from NC. The Qmci-CN was also less accurate in its ability
to distinguish PSCIND from NC (AUC 0.583) compared with
the MoCA-CN (AUC of 0.842), (p = 0.015). ROC curves are
presented in Figure 1.

DISCUSSION

This study compared the diagnostic accuracy of the newly-
developed Qmci-CN for its ability to screen for PSCI with

the widely-used MoCA-CN and MMSE-CN in a rehabilitation
population in China. This is, to our knowledge, the first study
validating the Qmci screen in a post-stroke population in any
language. The results showed that all three of these scales
are equally able to differentiate PSD from NC and PSD from
PSCIND. The Qmci-CN had excellent accuracy (AUC > 0.90)
in separating both diagnostic groups but poor accuracy in
distinguishing PSCIND from NC. While the MoCA-CN was
significantly more accurate in separating post-stroke CI (either
PSCIND or PSD) from normal and in turn PSCIND from NC
than the Qmci-CN, it had a statistically significantly longer
median administration time. TheMoCA-CN took almost twice as
long to score. This is a consistent finding in studies comparing the
two instruments (15). It also had similar accuracy to the MMSE-
CN but again longer administration times. The Qmci-CN and
MMSE-CN had similar administration times in this study.

These results are different from previous research examining
the diagnostic accuracy of other language versions of the Qmci,
especially the English version, which show that the Qmci screen
is more accurate in discriminating MCI (equivalent of PSCIND)
from both normal controls and dementia than theMoCA and the
MMSE (17–20). These studies also generally show that theMMSE
is less accurate than both the MoCA and Qmci screen (15). The
reasons for why this study differs from others is most likely
related to its very small sample size. Sample size calculations
based on previous studies suggest that this study was not powered
adequately to show superiority of one test over the other. The
sample size in some of the diagnostic groups, particularly the
NC group (N = 8), is too small to interpret the findings reliably.
Further, those included in this study were a different cohort with
all patients recovering from an acute stroke. These may have
cognitive impairment in multiple other cognitive domains, while
retaining memory (31). The Qmci-CN is better able to detect
amnestic type cognitive impairment (32) compared with other
short screens as it is more heavily weighted toward memory. This
said, the goal of this study was not to show superiority of the
Qmci-CN but to examine its utility and psychometric properties
in patients post-stroke compared with more-commonly used
screening tests.

This study also examines the optimal cut-off points for
the 3 instruments to identify NC, PSCIND, and PSD. At the
established cut-off for cognitive impairment (≤26) rather than
post-stroke cognitive impairment (≤22) (33), the MoCA had
excellent sensitivity but poor specificity. While the MMSE may
lack sensitivity for single domain cognitive impairment (33),
using the optimal cut-off points identified using Youden’s Index,
this study found that the MMSE had a similarly high sensitivity
but low specificity. The optimal cut-off point for the Qmci-
CN in separating PSCIND from NC was ≤55.5 compared with
≤47 to differentiate PSD from normal. While lower than the
results in Irish (20) and Canadian (34) cohorts in patients
attending memory clinics, these are more similar to results in
Turkey (<53 for separatingMCI from normal cognition) (22, 35)
and recently in Greece (<51 for separating MCI from normal
cognition) (36). Possible reasons for this difference might include
the background of participants including their educational level,
albeit the sample included here had a similar median number
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FIGURE 1 | Receiver Operating Characteristic (ROC) curve analysis comparing the Chinese versions of the Quick Mild Cognitive Impairment (Qmci-CN) screen,

Montreal Cognitive Assessment (MoCA-CN) and Mini Mental State Examination (MMSE-CN) in separating normal cognition (NC), post-stroke cognitive impairment no

dementia (PSCIND) and post-stroke dementia (PSD). (A) NC vs. PSCIND; (B) NC vs. PSD; (C) PSCIND vs. PSD; (D) NC vs. PSCIND/PSD; (E) PSD vs. NC/PSCIND.
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of years in education to those in North America and Western
Europe and higher than those in Turkey and Greece. Again the
setting may have influenced the cut-offs as all patients here were
recruited from rehabilitation clinics having had a recent acute
stroke. This may have influenced the performance of patients in
testing across several cognitive domains resulting in lower total
scores, irrespective of diagnostic classification. However, given
that this is a small sample, care should be taken when interpreting
and applying these cut-offs. The authors caution that normative
data are required to develop accurate cut-off scores for the Qmci-
CN and to determine if these are comparable with the English
language version of the Qmci screen.

LIMITATIONS

This study has a number of limitations as follows. First, the
definitions of PSCI in the literature and in clinical practice are
variable, differing from study to study (37). In our research,
we defined PSCI as a post-stroke neuropsychological syndrome
with any cognitive impairment, which develops following a
stroke event, including the subgroups of PSD and PSCIND.
This definition does not suggest any particular underlying
neuropathological process. Other definitions include time limits
on the onset of cognitive decline, though we did not apply
this. This is a limitation. For example, a national Korean study
examining the epidemiology of vascular cognitive defined PSD
as any major cognitive impairment evident more than 3 months
after a stroke (38). Others suggest the final diagnosis of PSD
should be delayed until at least 6 months as stroke commonly
results in delirium or transient reductions in cognition that
do not persist. Hence, making the diagnosis too early may
result in a higher prevalence of PSCI than would be expected
(39). Here no time interval was pre-specified and we recruited
patients having completed a stroke at least 2 weeks but up
to 13 years after the event. Hence, to ensure homogeneity
and comparability, further study applying pre-specified time-
based definitions of PSCI are therefore needed. Second, as the
diagnostic criteria for PSCI incorporates ADL function and
many patients with stoke have related physical impairment, it
can be difficult to assess whether the changes in ADLs are
truly related to cognitive impairment (37). This may increase
the heterogeneity among the 3 groups and is a potential
confounder. Thirdly, as patients were all recruited from the
department of rehabilitation medicine, most of these may
have completed cognitive assessment before, with either the
MoCA-CN and the MMSE-CN, potentially creating learning
effects and introducing bias. This said, none of the patients
would have been tested with the Qmci-CN while inpatients.
Finally, the sample here is small and likely prone to selection
bias, reducing the generalisability of the results and under-
powering the study to show superiority of one screening
instrument over another based on our sample size calculation,
increasing the chance of type II errors. Only those who
received rehabilitation were available and included, potentially
reducing the generalisability of the findings. Hence, further
studies examining these instruments in a broader sample of

patients post-stroke including those who did not receive formal
rehabilitation or were unlikely to benefit from rehabilitation
should be recruited. As the sample size was small, recruitment
in multiple sites over a longer period of time is also needed
to increase the reliability, generalisability and ability to confirm
superiority of one instrument over another.

CONCLUSION

In conclusion, the Qmci-CN was accurate in screening for PSD
in a post-stroke rehabilitation clinic and had excellent accuracy
in separating PSD from PSCIND and PSD from NC. The
administration time of the Qmci-CN was significantly lower than
the MoCA-CN, suggesting it is a reasonable alternative in busy
clinics. However, the Qmci-CN had poor accuracy in separating
PSCIND from NC and PSCI from NC, suggesting it may lack
accuracy for certain subgroups even if its administration time
is shorter. The MoCA-CN and MMSE-CN both had similar
accuracy in PSCI, which given the shorter administration time
of the MMSE-CN suggests that it may be the better instrument
to use in this setting. However, because this was a small
study, under-powered to show superiority of one instrument
over another, with several limitations, further study is now
needed before recommending the routine use of the Qmci-CN
in order to confirm these findings by recruiting a larger sample
size and externally validating the Qmci-CN in other samples
and populations.
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The etiology of multiple sclerosis (MS) is currently understood to be autoimmune.

However, there is a long history and growing evidence for disrupted vasculature and flow

within the disease pathology. A broad review of the literature related to vascular effects in

MS revealed a suggestive role for abnormal flow in the medullary vein system. Evidence

for venous involvement in multiple sclerosis dates back to the early pathological work by

Charcot and Bourneville, in the mid-nineteenth century. Pioneering work by Adams in the

1980s demonstrated vasculitis within the walls of veins and venules proximal to active MS

lesions. And more recently, magnetic resonance imaging (MRI) has been used to show

manifestations of the central vein as a precursor to the development of new MS lesions,

and high-resolution MRI using Ferumoxytol has been used to reveal the microvasculature

that has previously only been demonstrated in cadaver brains. Both approaches may

shed new light into the structural changes occurring in MS lesions. The material covered

in this review shows that multiple pathophysiological events may occur sequentially, in

parallel, or in a vicious circle which include: endothelial damage, venous collagenosis and

fibrin deposition, loss of vessel compliance, venous hypertension, perfusion reduction

followed by ischemia, medullary vein dilation and local vascular remodeling. We come to

the conclusion that a potential source of MS lesions is due to locally disrupted flow which

in turn leads to remodeling of the medullary veins followed by endothelial damage with

the subsequent escape of glial cells, cytokines, etc. These ultimately lead to the cascade

of inflammatory and demyelinating events which ensue in the course of the disease.

Keywords: multiple sclerosis, susceptibility weighted imaging, MS lesion development, USPIO-enhanced

magnetic resonance imaging, vascular abnormalities

INTRODUCTION

Multiple sclerosis (MS) is usually described as an inflammatory, demyelinating, autoimmune
disease (1). Conventionally, it is thought that the autoimmune processes may lead to a breakdown
of the capillary and venous wall with increased perivascular inflammatory cells and other
detrimental factors which attack the myelin sheath and lead to neurodegeneration (2). In this
overview, we will review the literature focusing on the changes in the venous vasculature and
inflammation, which are likely to be the earliest processes in the development of the disease.
This review will lead us to the chicken and egg question as to whether there is venous damage
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that precedes the inflammatory response or inflammation that
leads to vasculitis followed by an autoimmune response and
then demyelination.

In general, for this review, the PubMed
(www.ncbi.nlm.nih.gov/pubmed/) database was used and
the search terms were (venous pathology) AND (MS OR
multiple sclerosis) with a date range of 1940—present, which
resulted in 900+ papers. Out of these 900+ papers, roughly
200 were reviewed in detail. This review process led us to many
collateral papers that might link key pieces of information on
the topics of vascular remodeling, venous collagenosis, abnormal
venous flow, perfusion, endothelial dysfunction and vascular
endothelial growth factors. The focus in most of these papers
was on clinical studies involving human subjects, but studies on
animal models were also considered if the results were directly
related to the hypotheses drawn from the human subjects.
The primary aim of this review was to provide an overview to
non-clinical and clinical readers alike, particularly for biomedical
researchers who would like study vascular involvement in MS.
For an in-depth discussion of the topics covered, the readers
should refer to the original publications.

These papers included some systematic reviews that provided
current knowledge of the available evidence of venous vascular
damage as it relates to the pathology of MS, including some
very recent publications. Three comprehensive recent reviews
cover the history of the vascular aspects of MS (3–5). These
reviews show that there has been evidence dating back to the
works of Cruveilhier, Rindfleisch [originator of the central vein
observation] (6), Ribbert (7), and Charcot (8) and Bourneville
and Guérard (9) in the mid-nineteenth century regarding the
presence of venous abnormalities in MS. The outline of this
review considers the role of: 1) inflammation and its relationship
to vasculitis; 2) collagenosis and vessel narrowing; 3) ischemia;
4) infarction and abnormal venous flow; 5) abnormal bulk
dural sinus flow; 6) abnormal perfusion; 7) fibrin deposition;
8) vascular abnormalities preceding vasculitis; 9) medullary
vein flow; 10) central veins; 11) dilated medullary veins;
12) endothelial dysfunction; 13) medullary vein density; 14)
microvascular remodeling; 15) early vascular changes as a marker
for new lesions; 16) advanced microvascular magnetic resonance
imaging (MRI) using ultra-small superparamagnetic iron oxides
(USPIO); and 17) imaging indications of venous abnormalities.
All these points help us in understanding the putative timeline
of events in the pathophysiology of MS related to these venous
vascular effects. Although the source of the progression of
MS is currently not clear, we deduce that it may be related
to abnormal flow causing the subsequent events of vasculitis,
leading to a cascade of increased local blood pressure due
to lumen narrowing, inflammation, extravasation of cytokines,
microglial cells, peptides, etc., that promotes both demyelination
and further reduction of vascular compliance, eventually leading
to cell death and atrophy; or can be caused by the endothelial
dysfunction due to early increase in pro-inflammatory cytokines
leading to vasodilation and vascular remodeling that is typical to
MS, followed by chronic hypoperfusion in the later degenerative
stage of the lesion. This comprehensive overview of vascular
effects inMS should open the door to study venous abnormalities

and abnormal venous flow and their temporal relationship
to the development of MS lesions using a variety of in vivo
imaging methods.

The early pathological understanding evidenced throughout
this work suggests a major role for the veins in MS, however,
the temporal evolution still remains unclear: “Does poor flow
generate the endothelial response and vessel wall inflammation
or does the abnormal flow lead to ischemia and vessel wall
breakdown including inflammation and vasculitis?.” In both
cases, there will be an extravasation of auto-immune invoking
products that follow these processes. As we progress through the
different forms of evidence, the role of abnormal flow will occur
again and again as a potential source initiating the inflammatory
response. After this, the usual cascade of damaging events to the
tissue and demyelination will occur.

Inflammation and Vascular Damage
Early cadaver brain studies of MS patients showed that the veins
and venules in or at a distance from active lesions frequently
exhibited an inflammatory lymphocytic reaction essentially
located only in the vessel wall (10). When confined to the venous
wall, these inflammatory changes can be regarded as a form of
local venous vasculitis or cerebral venulitis. In this work, they
showed that the cerebral venular wall in multiple sclerosis is
the site of lymphocytic infiltration that may, at first, particularly
in grossly normal white matter, be confined to the vessel wall
alone (10). As the inflammatory process proceeds, the cellular
infiltrate appears to spread to the perivascular space and even into
plaque tissue. This may occur without any obvious surrounding
demyelination (11). Venous walls then undergo focal intimal
hyperplasia, intimal organization and collagenous thickening.
Such features suggest a mild expression of subacute or chronic
endovenulitis of the cerebral veins. Chronic inflammation can
also lead to hemorrhage, increased permeability of the vessel
wall and vasculitis. In the absence of other pathology, it
is reasonable to assume that the scarring results from early
inflammatory changes. The pathogenic mechanisms that cause
the cerebral venulitis in multiple sclerosis could be the deposition
or penetration into the venous wall of some circulating factor
from the blood, a specific lesion of the venous wall or the release
of a substance from the damaged brain, such as a lysosomal
enzyme or thromboplastin (10). Adams further showed that in
some active acute cases of multiple sclerosis the venous walls
themselves are heavily infiltrated with inflammatory cells, but
without infiltration of the adventitia and perivascular tissues
(12). Chronic plaques often contain venous walls thickened by
collagen, whereas active inflamed lesions exhibit a more fibrinous
exudate (10). Although these processes are non-specific, they do
indicate that the venous wall is implicated in the inflammatory
process, and is thereby damaged and thickened, partly analogous
to the thickening in endarteritis obliterans in arteries passing
through foci of chronic inflammation. Nevertheless, it could
be held that the venous wall is merely acting as a conduit for
inflammatory cells but, if so, it should return to normality after
subsidence of inflammation as, in fact, it does in MS. These
works show that the venous wall is affected during the process of
developing MS. Some have gone so far as to hypothesize that one
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of the fundamental components of MS is a form of auto-immune
vasculopathy (5).

Venous Collagenosis
Another major effect seen in the vasculature of MS and other
diseases is collagenosis, a process that affects connective tissue
and is often associated with fibrinoid necrosis or vasculitis.
In their work on stroke, Black et al. comment on the role
of arteriolar tortuosity, reduced vessel density and occlusive
venous collagenosis (gradual thickening of the vessel wall
from collagen build up) which causes venous insufficiency
and vasogenic edema (13). The key markers and evidence
for this are activated microglia, oligodendroglial apoptosis,
clasmatodendritic astrocytosis, and upregulated hypoxia-
markers. Gao et al. proposed that venous collagenosis dilates
the veins and causes venous insufficiency with consequent
vessel leakage, i.e., vasogenic edema (14). Moody noted that the
blood-brain barrier (BBB) is abnormally breached in conditions
such as hypertension, intra-arterial injections of hyperosmolar
solutions, exposure to inflammatory mediators (cytokines),
activation of leukocytes, hypercapnia, and ischemia (15). With
serious injury to the BBB, large amounts of plasma proteins can
escape into the brain tissue, resulting in vasogenic edema. Brown
et al. show that collagenosis of the veins could prevent exchange
between the surrounding CSF and the venous blood that may act
as a drainage for waste products of the brain (16). Further, stiff
arteries may not provide the needed pulsatility to drive the CSF
and again reduce macromolecular transport to the CSF from the
brain and eventually to the venous blood (17). These effects may
affect the function of what is referred to today as the glymphatic
system (18).

Moody et al. proposed that periventricular venous
collagenosis (PVC) could lead to venous wall thickening of
the periventricular and subependymal veins, luminal narrowing
and eventually vessel occlusion (19). They also associated this
with leukoaraiosis in elderly individuals when there was no
evidence of small arterial disease. They believed this lack of
flow could lead to: reduced perfusion pressure, increase in
associated venous pressure, chronic cerebral edema, disordered
venous flow, BBB breakdown, ischemia infarct and hemorrhage
(19, 20). The development of leukoaraiosis may be slow when
PVC is present because of the presence of collateral flow and
alternate pathways in these areas (although such pathways are
not endless). They also note that the obstruction of flow might
interfere with the “paravascular” channels and the exchange
of extracellular fluid to the systemic circulation. Further, the
collagenic venous thickening is likely to impede resorption
of the CSF and extracellular fluid. They note that the thicker
wall might prevent rupture and venous collapse when there is
increased ventricular cerebrospinal fluid pressure or vigorous
pulsations. This can lead to increases in transmural pressure
preventing the usual flow of metabolic wastes into the venous
system (21). Houck et al. focus on the role of medullary venule
collagenosis and associated vasogenic edema in white matter
hyperintensities (WMH) and Alzheimer’s disease (AD) (22).
They studied 682 older adults without dementia and found
an increase in diameter of the internal cerebral veins and

basal veins of Rosenthal were associated with greater total
WMH volume in different regions of the brain. Keith et al.
showed in a cadaver brain study of dementia and healthy
controls (HCs) that collagenosis of venules best predicted WMH
volumes (20). They note clearing of interstitial solutes such
as beta-amyloid occurs via the glymphatic system associated
with the perivascular spaces. Therefore, if venous dilation
affects paravascular spaces, the glymphatic system could
be disrupted.

Despite the fact that these papers are referring to stroke,
hypertension and dementia, the findings for the early role of
the medullary venous system are clear, their flow and perhaps
function have been compromised.

The Role of Venous Ischemia
Yan et al. discussed the role of WMH in general in other
diseases excluding MS but we can learn from this data too; there
may well be some hints of the mechanisms including dilated
veins (23). Increased levels of WMH are associated with an
increased risk for dementia and stroke. There is often reduced
blood flow in these regions with BBB damage (24, 25). Cerebral
venous collagenosis (VC) may cause “venous ischemia by
increasing vascular resistance and compromising interstitial fluid
circulation, with consequent vessel leakage, i.e., vasogenic edema,
and lead to non-necrotic hyperintensities on MRI (13, 19).” The
resulting reduced venous outflow and venous hypertension may
lead to dilation of deep medullary veins (DMV) (26). WMH
could be induced by stenosis or occlusion of deep cerebral veins
(26). In addition, retrograde venous hypertension could lead
to decreased cerebral blood flow (CBF), venous ischemia and
hypoxia (27). Willinsky et al. and Van Den Berg et al. also note
that there can be partially reversible WMHs in patients with
arteriovenous malformations (28, 29) and that venous ischemia
was more likely to be a cause of WMHs.

Keith et al. (20) used cadaver brains to stain for venous
wall thickening and occlusion caused by collagenosis. Although
they found higher venous collagenosis for smaller veins 150µm
and less, VC in larger veins (>200µm) correlated with higher
WMH scores. They also found VC was frequent in patients
with periventricular infarcts identified on imaging in both
AD and non-AD patients. The etiology of WMH remains
unclear although there is an association with cerebrovascular
disease and hypertension potentially leading to ischemia. Their
previous work also suggested that venous insufficiency and
vasogenic edema may be factors in the development of WMH
(13) and may be present in cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) as well (30). Small vein collagenosis and white matter
pallor was more prevalent in the presence of arteriosclerosis.
They assume white matter pallor represents myelin loss. In
summary, periventricular venous infarction accounts for 22%
of ischemic stroke in adults and 75% of subcortical lesions in
perinatal stroke.

These works continue to develop the concept that the
veins can play a major role in ischemia and lead to white
matter hyperintensities.
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Cerebral Venous Infarction
Schaller and Graf show that when cerebrovascular occlusion
(CVO) is present, the local pressure increases leading to: a
dilated venous and capillary bed, the development of interstitial
edema, increased CSF production, decreased CSF absorption
and rupture of venous structures (hematoma) (26). If promptly
diagnosed, CVO is reversible and this can avoid venous
infarction. They note the following: (a) an increase in venous
and capillary pressure leads to diapedesis of erythrocytes by
BBB disruption; (b) dilatation of venules can occur with no
arterial effects; (c) reduced CBF leads to an acute energy drop,
dysfunction of themembrane-boundNa+ –K+ –ATPase pump,
intracellular entry of water, cytotoxic edema and cell lysis. These
phenomena can be considered as a disruption of the shift of
interstitial fluid from the capillary bed toward the ventricle. The
key is that despite the immediate metabolically disturbed state
after CVO, the effects may be reversible, which is certainly true
in MS as long as adequate perfusion has been maintained during
the stressed conditions. This is likely made possible by venous
anastomosis acting as the collateral pathways. The other thing to
remember is that venous flow can change direction since there
are no valves in the veins. Therefore, subsequent dilation of the
veins and recruitment of (or remodeling of) neighboring outflow
territories may temporarily compensate for changes in pressure.
If pressure increases beyond some limit, this could cause
BBB disruption and alter the fluid exchange between cerebral
intra- and extravascular compartments, causing cytotoxic and
vasogenic edema. This protective nature of alternate venous
pathways has been shown in rat studies of venous occlusion (31).
Increased pressure and tissue swelling can also cause collapse of
the capillaries.

This work shows that under abnormal flow conditions, veins
can be damaged, dilate and restrict blood flow disrupting the BBB
and fluid exchange in the glymphatic system.

Dural Sinus Flow Effects, Abnormal CSF

Flow, and Increases in Venous Pressure
Several authors have shown a combination of intraluminal
obstacles and/or external compression, hampering the venous
outflow at the extracranial level, particularly in the internal
jugular veins (IJVs) (32–37). According to fluid dynamic
simulations using a mathematical model based on human
vascular structure, these dural sinus flow abnormalities can lead
to an increased pressure in intracranial veins (38, 39). They show
that when both IJVs are obstructed, there can be a rise in pressure
of up to 13mm Hg (38). This might explain the dilation of the
cerebral venules and medullary veins assessed by Gaitán et al.
(40), in consequence of the increased transmural pressure at that
level. It has been shown in a rat model that an embolus in the
external jugular can produce large venous pressure changes in
the superior sagittal sinus and subsequently a loss of CBF and
accumulation of nicotinamide adenine dinucleotide (NADH) in
cortical structures indicating ischemic damage (31).

CSF is ultrafiltrated from the high-pressure capillary bed
of the choroid plexus into the subarachnoid space. From the
subarachnoid space, CSF is driven into the Virchow-Robin spaces

by a combination of arterial pulsatility, respiration, and pressure
gradients. When blood reaches the low pressure system of the
cerebral venules, water is reabsorbed into the venous system
from the interstitial fluid and CSF (41). CSF absorption is
linked with a gradient of pressure between the brain parenchyma
and the venules, constituting the so called G-lymphatic system
(42–44). When IJV obstruction occurs, the increased venous
pressure is propagated to the intracranial sinuses and venules.
The effects of higher pressure in the cerebral venous system
are, therefore, significant for any fluid exchange, because either
the G-lymphatic fluid absorption or the CSF passage into the
dural sinuses is based on a favorable pressure gradient (43,
44). In case of extracranial venous obstruction, the increase
in pressure at the venular level can affect the absorption of
peptides, triggering the inflammatory process (44), and affect
the passage of macromolecules (17). One also observes in MS
that the ventricles are enlarged relative to controls as are the
perivascular spaces close to venules (45). Magnano et al. showed
that CIS patients had net reduced CSF flow and that their
conversion to clinically definite MS in the following year was
related to this decreased CSF flow (46). The perivenous spaces
in the brain parenchyma are increasingly recognized for their
role in leukocyte trafficking as well as for their potential to
modulate immune responses and, therefore, might be considered
biomarker of inflammation. Finally, increases of macromolecular
concentrations in the perivascular spaces caused by impaired
transport across the venous wall could lead to edema (17).

These papers demonstrate that changes in flow whether
microscopic or macroscopic that affect the venous system
upstream can cause pressure changes leading to further
exacerbations of abnormal flow.

Changes in Perfusion of MS Lesions and

Normal Appearing White Matter (NAWM)
A number of studies have shown that there is a general reduction
of perfusion in chronic lesions in MS and in NAWM as well
(47–52). One paper notes a reduced CBF by about 25% and
increased mean transit time (MTT) of 3 to 4 s in MS lesions
(52). The trend of lower CBF and cerebral blood volume (CBV)
in NAWM became worse in primary progressive MS (PP-MS)
and Expanded Disability Status Scale (EDSS) was significantly
correlated with the periventricular CBF and CBV as well as the
frontal CBV (53). Reduced CBV was found to correlate with
working and secondary verbal memory for clinically isolated
syndrome (CIS) patients (54). Another paper showed reduced
CBF in NAWMand decreased NAA/Cr in the centrum semiovale
and increased PCr/β-ATP (51). Law et al. has also shown a
decreased cerebral blood flow and a prolonged mean transit time
in periventricular regions of NAWM (55). Dynamic susceptibility
contrast perfusion may also be used to view microvascular
changes in non-enhancing lesions (56). These flow reductions in
lesions and NAWM may lead to a state of hypoxia in the tissue.
Generally, worse flow is associated with progression of the disease
and more severe physical disabilities (57).

On the other hand, in the acute stage, there is evidence
of increased CBV (58), CBF (47, 50, 59), and reduced MTT,
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the latter being associated with higher disease severity and
with the presence of disease 1 year later in newly diagnosed
MS patients (60). Another paper compared high-inflammatory
and low-inflammatory patients and found that the former had
significantly higher CBV and CBF values (59). Interestingly, CIS
patients have also been shown to have increased CBV (61, 62).
Ge et al. also show that lesions with low CBF and low CBV
(basically chronic lesions) do not show enhancing lesions with
gadolinium (56). An excellent review of all the literature related
toMRI perfusion imaging is given in Laganà et al. (57) and on the
role of chronic inflammation and imaging inflammation is given
by Matthews (63).

One of the more interesting findings are the changes in blood
flow and blood volume preceding the formation of acute lesions
(45, 59). These effects appear to remain for several weeks even
after BBB breakdown has ceased. The increase in CBF and CBV
suggests a possible dramatic change in the local vasculature
preceding the inflammatory stage.

The take home message from this section is that reduced
perfusion can lead to loss of brain function even in CIS. Especially
suggestive is the finding that blood flow changes can precede
lesion formation. We propose that the odd increases in blood
flow may be caused by vascular remodeling and the subsequent
increase in local venous blood volume.

Fibrin, Flow Disruption, and Ischemia
Wakefield et al. studied the role of vascular injury in MS (64).
Damage to the veins causes vascular endothelial cell activation,
vasculitis, vascular occlusion including class II antigen expression
and fibrin deposition (usually a sign of active lesions) possibly
in that order making the antigen expression an early event
in the evolution of vascular injury. These changes can occur
prior to cerebral parenchymal reaction and demyelination and
suggest that ischemia could be an early component in the
evolution of multiple sclerosis. They also note that these vascular
effects were present in many thin walled vessels, including
both veins and capillaries, while other vessels were occluded by
reticulated fibrin thrombus. When fibrin was present, the walls
of these vessels appeared widened by inflammatory infiltrate
and edema. For more advanced cases, reactive astroglial cells
were present around the damaged vessels. In some cases,
groups of vessels were apparently obliterated and the vascular
origin of the associated lesions was confirmed by collagen
type IV immunostaining. Fibrin is also associated with vessel
wall infiltrated by inflammatory cells, and may progress to
occlusive venous thrombosis (hemorrhage was frequently seen
in relation to these damaged vessels). In some experimental
allergic encephalomyelitis models, fibrin formation appears to be
a prerequisite for the development of clinical disease where they
show disease activity began only with the appearance of fibrin in
this model (65).

So, what role does focal cerebral ischemia play in the
pathological and clinical features of multiple sclerosis? The
preservation of axon cylinders is a recognized feature of hypoxia
and is seen in leukoencephalopathy (66). Some evidence for
ischemia exists from MRI where it has been shown that there
is an increase in lactate (67). They note that shunting of
blood from poorly perfused lesions could produce an acute

symptomatic deterioration and in turn the restoration of blood
flow could produce a rapid clinical improvement. This could
explain the coming and going of MS lesions over time and
only those lesions with chronically dysfunctional flow may
become permanent. In conclusion, they propose that “focal
endothelial cell activation which progresses to occlusive vascular
inflammation is a precursor of both cellular infiltration of
vessels and demyelination.” And they close with this comment:
“Advanced vascular injury is associated with infiltration of the
vessel wall by inflammatory cells and reactive changes in the
neuropil. We propose that activation of the cerebral endothelium
is a primary event in multiple sclerosis; that induction of
procoagulant activity in endothelial cells is a feature of acute
multiple sclerosis; and that demyelination may have an ischemic
basis in this disease.”

The two papers by Wakefield and Ginsberg begin to
strengthen this picture of ischemia, abnormal flow, fibrin
deposition, and the shunting of blood from poorly perfused
regions leading to acute symptomatic degeneration. The
comment that a return of normal flow could lead to resolution of
the inflammation and disappearance of the lesion is reminiscent
of what is seen in relapsing remitting MS.

Evidence That Vascular Abnormalities

Precede Vasculitis and Inflammation
It is well-known that patients with retinal vasculitis can
go on and develop MS. Retinal vasculitis has four main
abnormal immunological findings: 1) macular edema; 2)
periphlebitis and perivascular sheathing; 3) capillary closure
and/or leakage; and 4) venous occlusion and new vessel
formation (68). In periphlebitis retinae there is sheathing
and hemorrhage in veins in the retina (69). Also, patients
with retinal vascular abnormalities in optic neuritis have a
high probability to develop MS (70) and the overall risk of
being diagnosed as clinically definite is 28%. These authors
note that both the brain and the retina have continuous
endothelial tight junctions which are permeable to a variety
of molecules (70): “We therefore suggest that the sheathing
of retinal vessels that we observed opthalmoscopically is the
visible clinical sign of the perivascular lymphocytic infiltration
and accompanying edema which characterizes the lesions of
MS.” and more interestingly they comment: “The occurrence
of perivenular abnormalities in a region free of myelin and
oligodendrocytes provides evidence that the vascular changes
in MS can occur independently of contiguous demyelination
and may be the primary event in the formation of a
new lesion.”

This long-standing evidence of the relationship of poor flow
with retinal vasculitis is indicative that poor flow can and does
appear in some cases as a precursor to inflammation.

Medullary Veins
The medullary veins of the brain play a key role in draining the
blood from white matter. A number of diseases are associated
with the medullary veins including hemorrhagic disorders,
inflammatory changes that spread along the veins, and neoplasms
within the veins (71). The first two may be related to metabolic
changes associated with venous wall damage and are implicated
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in MS. It is well-known that there are pathological changes
of veins in plaques that include: lymphocyte cuffs, intramural
fibrinoid deposition, collagenized vessel walls, and perivenous
iron deposition (12). On the arterial side, Nonaka et al. note
that the presence of anastomoses among the terminal branches
of the deep white matter protects against ischemic infarction
(72). This type of anastomosis is likely present in the DMV as
well. Okudera et al. studied the zones of convergence of the
medullary veins (73). There were four zones of convergence:
the superficial, candelabra, palmate and subependymal. Several
zones are related to venous crossings of the fibers of the corona
radiata and optic radiations. The arcuate veins may link to the
cortical veins and these can be called sub-cortical veins. The deep
medullary and superficial medullary veins can be connected by
anastomotic veins. The longitudinal caudate vein of Schlesinger
is also referred to as an ependymal vein when running beside
the lateral ventricles (74). He notes that there are medullary
veins around the fourth ventricle too. The superficial and deep
medullary vein territories represent the watershed zone between
the cortex (pial) and deep white matter (ependymal drainage).
When the balance of drainage is disrupted between these two
systems, the veins now responsible for the larger than normal
flow will dilate. Finally, Willinsky noted that venous congestion
may lead to rerouting into dilated transosseous venous channels
or retrograde flow (28).

The structure of the medullary vein system could well explain
the location of both the periventricular and zone 2 lesions
by the candelabra medullary veins as well as the presence of
transmedullary veins related to the gray matter. The medullary
veins of course pervade all the tissue and a breakdown of the
drainage system could have drastic consequences despite the fact
that the venous system offers multiple anastomotic connections.

Central Vein Sign (CVS)
As mentioned earlier, Rindfleisch had already noted the presence
of a central vein in the mid-1800s (6). It was not until mid-
1900 that this became more evident in Dow and Berglund’s
work (75). A major recent focus has been on the presence of
a central vein in MS lesions especially in Dawson fingers and
sometimes in smaller lesions as well (76, 77). This sign has
been used to differentiate other white matter diseases that are
often part of the differential diagnosis from MS, sometimes quite
successfully (76). The presence of abnormal veins is a possible
explanation of the widely held hypothesis that the formation of
an MS lesion depends on the entry of inflammatory cells from
the systemic circulation into the brain parenchyma possibly from
a disrupted endothelium of the veins. However, not all lesions
show major veins, although with the help of the Microvascular
in-vivo Contrast Revealed Origins (MICRO) imaging approach,
where a USPIO agent, Ferumoxytol, is administered and high-
resolution susceptibility weighted imaging (SWI) images are
acquired, we can visualize any vascularity within the MS lesions
(Figures 1–3). One immediate question is: “Are there, in fact,
veins present, but they just can’t be seen?” Some evidence for
this exists. One case study has shown that a central vein became
visible only after the use of a Gadolinium contrast agent. One

explanation for not always seeing a CVS is that reducedmetabolic
function of adjacent tissue leads to a loss of visibility of the
medullary vein. Several authors have suggested the use of contrast
to further enhance the visibility of the veins (77, 80). This can
be understood as a T2∗-T1 coupling for improved signal loss in
SWI (81).

An early study by Broman used trypan blue staining of the
MS plaques and found only veins were stained. The staining
correlated with the degree of demyelination and in some cases
an obvious correlation between the course and branches of the
veins and the shape and extension of the plaques. He found
that there were central veins in every plaque (82) and that
there was some degree of correlation with blue staining and
demyelination. Fog (83) stated that MS lesions typically were
developed around small veins. This work also noted that 2/3
of plaques evaluated followed the veins along a classic Dawson
finger profile. More interestingly, the course and size of the veins
determined the shape, course and dimension of the plaques.
Further evidence of the vascular mechanical effect comes from
Allen’s observations, who noticed the wide vascular beds around
veins and the central widening of the venous tree that testifies an
intermittent increase in cerebral pressure (84). This is similar to
Schelling’s findings (85).

In an effort to establish a standard radiological definition of
the CVS to improve diagnosis of MS, Tallantyre et al. introduced
the “40% rule” which assesses the number of MS lesions with
CVS as a fraction of the total number of lesions. A 40% cut-off
threshold was able to discriminate MS from healthy subjects (86).
Sati et al. used the 40% CVS rule to separate MS lesions from
other types of lesions with a small number of cases (87). Mistry
et al. found 45% CVS was a good separator for MS vs. other
diseases such as microangiopathy even at 3T (88). Samaraweera
et al. used a high resolution segmented echo planar imaging
(SEPI) sequence with echo train length (ETL) = 15 and with
0.55mm isotropic resolution in 4min 14 s (89). In this method,
the long echoes and high CSF signal help visualize the lesions
better. They also showed a much smaller fraction of CVS with
patients with small vessel disease (SVD). We can use an iron-
based contrast agent to enhance the visibility of CVS with a
practical scanning time, or a longer TR, longer TE and lower
flip angle non-invasively to try to enhance this contrast [this is
particularly true for 7T (90)]. Maggi et al. studied the prevalence
of CVS in MS vs. systemic autoimmune diseases and primary
angiitis of the cerebral nervous system (91). Using a threshold of
50% for the perivenular lesions, all other vasculitis like diseases
were ruled out. Behcet’s disease had the highest perivenular lesion
load of all vasculitis diseases. All of these studies have very
strong predictive value in terms of differentiating MS from other
diseases and further implicate the venous role in MS.

Clearly, the medullary veins are a major presence in
MS lesions. However, this could be even more evident
if much higher resolution imaging could be used where
more “micro” level venous abnormalities could be seen.
This is in fact demonstrated later in this paper under
section Imaging the Microvasculature Using a USPIO
Contrast Agent.
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Evidence of Dilated Veins
The behavior of the medullary veins is complicated. For example,
in stroke and restricted retrograde venous hypertension, DMV
could dilate or appear dilated in SWI due to the increased
levels of deoxyhemoglobin. Actually physical increases are also
possible if there is a source of stenosis downstream that could lead
to mechanical effects such as pulsating blood and enlargement
of the perivenous spaces because of this (85). These flow
disturbances could lead to deleterious effects on the vessel wall
allowing lymphocytes etc. to escape. Eventually, upon tissue
death, the veins may also atrophy or become so constricted
due to collagenosis that the effective blood volume is decreased
in chronic lesions (58). Yan et al. used SWI to evaluate the
volume of DMVs in patients with WMHs and HCs (23). The
volumes of DMV on SWI may make it possible to monitor the
severity and progression of disease associated withWMHs and to
evaluate response to therapy. This venulopathy causes dilatation
of upstream venule beds. Further, they found a correlation of
DMV volumes with the number of lacunes as did another more
recent study by Zhang et al. (92). This apparent increase in DMV
could be caused by increased cerebral metabolism or reduced
flow. It has been shown in subjects with large WMH volumes
that there is reduced CMRO2 (93, 94). Black et al. proposed
that venous collagenosis could dilate the veins and damage the
myelin and axons with the consequent leakage of potentially toxic
substances (13). It has been shown that the DMV were not only
diminished in density (95), but also shortened and sometimes
dilated and for early patients can appear longer (96). Adams
noted that chronic plaques showed thick-walled vessels and little
lymphocytic infiltration (12). Usually, less blood flow would lead
to an increase in the visibility of veins in SWI under normal tissue
functioning. However, if the tissue is not functioning at capacity,
then there will be less deoxyhemoglobin and there will be a loss
of visibility in SWI.

Gaitán et al. showed that the veins found inside MS lesions
were smaller than the veins outside MS lesions (40). They also
found that the veins located around and outside lesions in
people with MS were larger than the veins in people without
MS. They proposed that compression within the active lesions
by the perivascular cuffing or hardening of the vascular wall
(like necrosis) causes reduced vascular compliance in chronic
lesions. They also suggest these enlarged extralesional veins
could be due to: ex vacuo dilatation due to overall brain
volume loss or an apparent increase from T2∗ blooming artifact
caused by an increase in the amount of deoxyhemoglobin in
the blood. Assuming that arterial blood in MS is normally
oxygenated, the results would suggest that early in MS there
is a diffuse increase in cerebral metabolism, perhaps associated
with inflammation, which results in greater oxygen extraction
from blood. Patankar et al. show dilated Virchow-Robin spaces
(VRS) as representative of white matter abnormalities in patients
with subcortical vascular dementia (97). They foundmoreWMH
and higher VRS scores in ischemic vascular dementia patients
compared with subjects with Alzheimer’s disease or healthy
controls. Murray et al. show that periventricular lesions had the
largest loss of oligodendrocytes and increased levels of microglia
(98). They suggest that age related loss of myelin basic protein

and small vessel density may lead to vacuolation of WM and
accumulation of interstitial fluid.

In the Ganesh and Stahnisch review (4), they note that
Schelling suggested mechanical effects leading to “retrograde
dilatation of cerebral veins, releasing various immunological
phenomena” such as those observed in MS (85). Talbert similarly
hypothesized that excessive venous hypertension could stretch
the venous wall sufficiently to separate the tight junctions
between endothelial cells, allowing colloids and other materials
to pass through the exposed porous basement membranes
(99). The resulting changes in osmotic pressure could disrupt
the internal transport systems of axons and dendrites, leading
to their disintegration, triggering the inflammatory processes
as in MS. This process might be indistinguishable from
those of autoimmune disease forms, which have likewise
marked the waxing and waning of experimental autoimmune
encephalomyelitis animal models for the study of MS (100).

Dilated veins may be another interesting marker of abnormal
flow and MS lesions. As discussed in sections Imaging the
Microvasculature Using a USPIO Contrast Agent and Venous
Abnormalities Seen With MICRO Imaging and as shown in
Figures 1–3, the dilated veins and abnormal venous remodeling
can by itself serve as a lesion defining marker.

Endothelial Dysfunction
The dysfunction of the vessel endothelial cells has been proposed
to cause alterations of the blood vessel architecture. These
changes could lead to both enlargement and narrowing of the
vessel lumen, along with vessel stiffening (101). As mentioned
earlier, the MS progression and demyelinated lesions have been
correlated with increased CBV and vasodilation, which could
be caused by the increased endothelial cell proliferation and
high levels of vascular endothelial growth factor (VEGF) and
VEGF receptors (102) that are associated with the MS population
compared to normal controls (103, 104). VEGF production is
known to be promoted by several pro-inflammatory cytokines
such as interleukin (IL)-1β, IL-1α, and IL-18 (105). In response
to increased VEGF, there is an increase in the expression of
the endothelial cell adhesion molecules, including the vascular
cell adhesion molecules (VCAM) and vascular growth factors;
creating a cascade of inflammation and angiogenesis, which
promotes the vascular remodeling that is typical to MS. This
may result in endothelial junction disorganization, increased iron
deposition and immune cell extravasation, which culminates in
the loss of neural and glial cells (106, 107). Over time, the chronic
MS lesions have been shown to have reduced perfusion due to the
reduced axonal activity, lower K+ release in the periaxonal and
perivascular space and reduced astrocyte metabolism (104, 108).
Hence, in summary, the pro-inflammatory cytokines could cause
endothelial dysfunction and an increase in vascular endothelial
growth factor and its receptors at early inflammatory stages
of the lesion. This can promote the increase in production of
vascular adhesion molecules that eventually lead to expediting
the loop of inflammation with the increased angiogenesis and/or
vascular remodeling. An increase in the production of angiogenic
endothelial cells could be due to an endogenous attempt to
overcome the chronic hypoperfusion of demyelinating lesions at
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a late degenerative phase (109, 110) which is linked with the loss
of neural and glial cells over time (111).

Loss of Medullary Vein Density (MVD)
There is also evidence that there is a loss of MVD when
comparing relapsing remitting MS (RRMS) to secondary
progressive MS (SPMS) to PPMS (95). It has been shown that
the MVD decreases supposedly due to poor neuronal function
and oxygen extraction and, therefore, leads to reduced levels
of deoxyhemoglobin and loss of visibility of the veins in SWI.
Another reason could be that the veins are too small to be
seen with the current resolution. Zeng et al. also found intra-
cerebral venous (ICV) measure of the MVD is highest in CIS and
progressively worsens in patients with a longer disease duration
(96). They also noted that the periventricular penetrating veins
were well-defined in active lesions and ill-defined in non-active
lesions. Zhang et al. also present a scoring system for the DMV
and find that as the disease progresses the MVD decreases (92).
Sinnecker et al. found venous density decreased with increasing
lesion count and this loss of medullary veins was already present
in CIS to some degree (112).

Although it is not yet clear if this loss of visibility is a marker
for continued loss of flow or tissue atrophy, it is yet another
marker in the importance of the venous system, especially in the
progression of MS.

Developmental Venous Anomalies (DVAs)
DVAs contain veins that are dilated, twisted and follow a
chaotic pattern. They are often referred to as Caput Medusa and
sometimes they take on the look of the spokes of a wheel. Here
we will focus on evidence of spontaneous vascular remodeling
and refer to these as atypical DVAs. This finding may indicate
a more serious effect on the surrounding tissue compared to
the usual congenital DVAs. Kroll et al. note that devastating
venous infarctions after ligation of a DVA confirms that it serves
as the only draining route for its corresponding brain segment
(113). They also suggest that those DVAs with increased flow
(and associated venous congestion likely due to a local venous
stenosis) and effects on the surrounding parenchyma should
be considered as atypical DVAs (which are more at risk for
complications such as hemorrhage or thrombosis). The authors
suggest flow may provide a better means for diagnosing an
increased risk of associated complications.

Several papers have reported signal intensity abnormalities in
and around the tissue in which the DVA is embedded (26, 114)
and particularly seen with FLuid Attenuation Inversion Recovery
(FLAIR) (115), although Sahin et al. found contrast enhancement
and perfusion in the tissue around the DVA in the basal ganglia
(116). Umino et al. found 25% of DVAs showed high signalWMH
on FLAIR suggesting significant underlying WM disease (117).
There was a significant correlation between patient age and the
size of WMH abnormalities (117); the age dependence being
likely due to time after onset. Linscott et al. showed that deep
venous DVAs were more predictive of signal abnormalities (118).
Okudera et al. proposed they arose from aplasia, hypoplasia, or
occlusion of some part of the medullary venous system or from
a pial vein prior to opening to a dural sinus (and these authors

also note it could be from chronic venous hypertension caused
by anomalous venous drainage) (73). The presence of the bright
signals may be from edema, demyelination or gliosis related to
abnormal flow from the venous stenosis (117). They ask the key
question: “How does a DVA change or grow in time?” Their
cross-sectional results suggest that the size increases with age and,
hence, they may grow in time. Could the increased resistance to
venous outflow lead to leukoaraiosis and collagenous thickening
of the venous wall thereby leading to chronic local ischemia
and tissue edema? Santucci et al. found non-hemorrhagic signal
changes in 12.5% of cases and an association with age (114).
Both research teams found one of their patients who met their
criteria had MS (114, 117). A very recent study showed nearly
30% of MS patients showed DVAs compared to a control group
of headache patients with only 14% of cases (119). More recently
using post-contrast T1 weighted imaging and FLAIR, Kruczek
et al. confirmed that DVAs are more common in CIS and early-
onset MS groups compared to controls, however, prevalence of
DVA was not related to other imaging markers, or conversion
from CIS to clinically definite MS (120). They found roughly
29% of lesions were DVAs and 21/25 cases had at least one
DVA. Nevertheless, the authors note the lack of sensitivity of
the sequences they used and recommended the use of other
sequences such as SWI (120).

Several groups used perfusion weighted imaging (PWI) and
showed many DVAs had increased CBF, CBV, MTT, and Tmax
(121–123). Iv et al. postulate that DVAs with intrinsic arterial spin
labeling (ASL) signal or signal in draining veinsmay be associated
with arteriovenous shunting (transitional lesions) (123). Kroll
et al. used computer tomography (CT) perfusion and found
increased CBV, CBF and MTT in the vicinity of the DVA (113).
They suggest two types of DVAs: a benign type and one that can
lead to tissue damage through ischemia and venous congestion
(113). These can be referred to as typical (uncomplicated) and
atypical DVAs, respectively. Stenoses, dystrophic calcifications,
and cavernous venous malformations are all considered atypical
and cavernous malformations (CM) are also considered to be
the leading cause of intracerebral hemorrhage. This altered flow
pattern seen in PWI may represent venous congestion caused
by stenosis of the main draining vein, likely the core etiology
in the development of symptomatic DVAs. These atypical DVA
may also serve as risk factors for future hemorrhage. Hong
et al. suggested that the angioarchitecture of rapidly curving,
narrowing and tortuous veins could be risk factors for the
formation of cavernous malformations. If two or more of these
factors are present, then the risk is much higher. San Millán Ruíz
et al. studied the drainage territories of DVAs and their associated
parenchymal abnormalities (124). They suggest that outflow
obstruction, thickening of venous walls and convergence may
lead to the development of venous hypertension inDVA. Stenoses
and venous hypertension can lead to demyelination, degenerative
alterations of nerve cells, gliosis and leukomalacia around DVAs.
Although the medullary veins in the periventricular white
matter are ubiquitous, the key finding is that the white matter
abnormalities appear to develop along the veins and that they
often define the lesion shape as we also see with the micro
DVAs (125).
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Typical DVAs are usually large venous structural and flow
anomalies. Atypical DVAs may be far more serious and in the
case of MS, evidence is mounting that they are related to the
remodeling alluded to in the above sections and several examples
of which are clearly shown in MICRO imaging of MS lesions
as discussed in sections Imaging the Microvasculature Using a
USPIO Contrast Agent and Venous Abnormalities Seen With
MICRO Imaging.

Vascular Changes as a Pre-Cursor to the

Formation of Acute Lesions
Guttman et al. performed an 8 week longitudinal study and
found that a stenosis of the vein could be observed on SWI
at the time of enhancement on post-gadolinium T1-weighted
images, suggesting that vein narrowing may be occurring before
BBB disruption (126). There may also be some evidence that
intralesional vein stenosis is reversible and consistent with focal
hypercellularity in the context of T-cell aggregation during MS
plaque formation. In our recent microvascular imaging work,
we are seeing local partial inflammation along the outside of
the veins that has not yet extended to the entire length of
the vein. Finally, another recent study shows that there are
changes in the local blood volume in the brain that serve as
a pre-cursor to future lesion development before inflammation
is seen (127). They provide strong evidence for the role of
venous changes pre-plaque development, showing higher venous
volumes 1 year before plaque detection and the corresponding
NAWM regions (127). Interestingly, they also show that venous
volumes are higher even in established plaques and NAWM.
Wuerfel et al. assessed around 15 days before MS plaque
formation leads to a significant decreased perfusion in the
same area. In addition, Holland et al. (48) showed that plaques
disappear when brain perfusion is good, and this demonstrates
the possibility of myelin repair on behalf of the oligodendrocyte
when the oxygen level is adequate (45). It seems that low
perfusion is a necessary element for either plaque formation
or lesion dissemination.

This recent MRI work presents more direct evidence in MS
patients that flow abnormalities occur prior to an inflammatory
response. Based on the above material, this vascular effect may
well be from abnormal flow in the medullary veins.

Imaging the Microvasculature Using a

USPIO Contrast Agent
We recently introduced a new approach to image vessels as small
as 50 to 100 microns in size. This approach makes it possible to
study microvascular disease only matched before using cadaver
brain studies. We use Ferumoxytol with a dose of 4 mg/kg to
increase the susceptibility of the veins and add susceptibility to
the arteries so that all vessels are visible with SWI (see Figure 1).
The increased susceptibility induces a major signal loss for the
small vessels that are less than a voxel in size (128, 129). By
using a resolution of 220 microns we can see vessels smaller
than 100microns at 3T, demonstrating the pitchfork (candelabra)
behavior of the vessels that matches with the illustrations from
the earlier cadaver brain work (Figure 2). USPIO contrast agents

have been used before to study MS. These studies showed that
more lesions could be found with USPIOs than with gadolinium
and postulated that the lesions seen only with USPIO were
representative of local macrophage activity otherwise invisible to
normal imaging (130–132).

MICRO imaging has been used to visualize the microvascular
(predominantly venous) abnormalities in MS lesions. The
hypothesis was that using MICRO imaging it will be possible to
see the complete venous vascular tree and, hence, be able to study
the MS lesions for the presence of vascular abnormalities much
better than has ever been done before in vivo. MICRO imaging
has the potential to study the microvasculature of MS lesions
and to follow vascular changes longitudinally over time similar to
previous studies (133) to determine which comes first: abnormal
vessel structure and flow or inflammation that then affects the
vessel wall (129, 134, 135). Or, perhaps both contain some level
of guilt and they create a destructive feedback loop exacerbating
the disease. The ability to visualize the microvasculature of MS
lesions could provide novel information in the development and
progression of MS lesions (135).

Venous Abnormalities Seen With Micro

Imaging
Although the presence of Ferumoxytol increases visibility for
both arterial and venous vascular network, there is a much higher
probability of a vein being present inside the MS lesions as
opposed to an artery. Most of the MS plaques are distributed in
the WM (136–138) and the arterial blood in the WM is supplied
through arterial branches arising from the cerebral arteries,
which are roughly 100µm in size making them very difficult to
visualize, especially once they branch intomuch smaller arterioles
and capillaries (72). On the other hand, the medullary veins,
subependymal veins and other subcortical WM veins have their
primary confluence located in the periventricular region, where
the WM lesion occurrence is the highest (138, 139) making them
much larger, at ∼300µm in size, than the arterial network in
the same region (72). Additionally, the venous blood volume
is roughly four times that of the arterial vasculature (140–146),
leaving little signal to arise from the arteries. Nevertheless, there
is still a need to confirm whether the vascular anomalies have
only venous origins. Hence, the pre-contrast SWI data should
be used to confirm that these vascular anomalies are part of the
venous network.

We have seen a number of key venous vascular abnormalities
in our MICRO imaging data even for just the first five patients
scanned (see Figure 3) including:

a) Angiomas: Several small/micro-angiomas have been
observed in the 5 cases we have done to date. The extent of
the angioma predicts the region of inflammation seen in the
FLAIR data (Figure 3A). The presence of these small DVAs
or venous anomalies is not inconsistent with the fact that it is
just those lesions with higher CBV that tend to show as acute
lesions (47, 58).
b) Micro-angiomas: We also observed several lesion-centric
angiomas-like vessel behavior, where fewer (∼3–4 vessels),
much smaller (1 voxel-wide visibility) veins show a hint of
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FIGURE 1 | Examples of MICRO imaging: (A) whole brain; (B,C) locally in the basal ganglia (image B is the SWI and image C image is the susceptibility map) and

(D,E) the medullary veins. For part (D) the Frangi vesselness mask (78) was used to separate the veins (image E, shown in blue) from the background tissue from

which one can calculate a medullary vein density (MVD).

FIGURE 2 | Note the clear example of the pitchfork (candelabra) seen with MICRO imaging (A, yellow arrows within red oval) that matches the sketch (79) from the

cadaver brain work of Okudera (73) (black arrows in B). The idea of remodeling of the venous vasculature and recruiting anastomoses between medullary veins is not

new. It is thought that these can occur for reasons of blocked flow and subsequent increases of inflow initially. This concept fits the results illustrated by the MICRO

imaging data shown in Figure 3. The atypical DVA can have significant effects on the local flow and multiple clinical consequences (C). Illustration taken from Aoki and

Srivatanakul (79). This diagram shows that there can be increases in inflow, decreases in venous flow and mechanical compression as part of the pathophysiology of

DVAs. (B, C) reproduced/adapted from Neurologia medico-chirurgica (NMC) under CC-BY license.

an irregular, spoke-like vascular pattern that we expect from
an angioma (Figure 3B). We termed this category as “micro-
angiomas,” which were visible due to the high-resolution
post-contrast SWI data.
c) Engorged/dilated vessels: We note that not only is the CVS

often present but using MICRO imaging we can see that veins

can be locally dilated and it is exactly in this region where

FLAIR lesions appear (Figure 3C). The SWI data must be

minimum intensity projected (mIP) over a few neighboring

slices to increase the visualization along the axis of the vein

and to confirm the abrupt changes in its diameter.
d) Small ovoid lesions: Similarly, we observed local WMHs

that only partially encapsulate the vein, unlike the usual CVS

(Figure 3D). These were smaller in size (<3mm in length)

than the other WMHs and, due to their smaller size, are
generally not considered during MS lesion classification (76).

These local WMH suggest collagenous thickening of the vessel
wall and, as Lumsden notes, these lesions may enlarge and
coalesce into a larger plaque over time (147). In fact, an early
paper at 7T already showed evidence of small lesions that
appeared along the veins but there was no enhancement when
gadolinium was used (56).
e) Perpendicular vessel connections: In one subject, a
medullary vein perpendicular to the usual venous drainage
pathway was present perhaps due to local obstructed flow
(again a form of vascular remodeling). Interestingly, these
cases were located at the boundary of what appears to be the
corona radiata, identified by a reduction in intensity from
medial-to-lateral direction in the WM on FLAIR and SWI-
FLAIR images (Figure 3E).

These various abnormalities are possible manifestations of poor
flow and venous remodeling, all consistent with the previous
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FIGURE 3 | (A) Examples of venous angioma like abnormalities in MS lesions from two patients. The small vessels joining the lesion-centric junction are not visible in

conventional imaging and hence these DVAs have gone unrecognized in the past. Only the primary draining veins were slightly visible on the pre-contrast SWI data,

confirming their venous origin. (B) Two different examples of micro-angiomas in MS lesions. Unlike the cases for larger angiomas, the pre-contrast SWI does not show

any hints of these smaller vessels seen on the post-contrast SWI or SWI-FLAIR data, except for the primary vein (red arrows) that is draining the lesion-centric

spoke-like small vessels. (C) Two different veins exhibiting dilation with the MS plaques. SWI-FLAIR data clearly shows the abrupt change in the vein diameter within

the lesion. If these are active lesions, the inflammation may continue to develop around these vessels over time. In these cases, there may not be any further

gadolinium enhancement as the lesion grows due to reduction of the vessel size or the complete blockage due to collagenosis. (D) Small ovoid WMHs (red arrows)

located along the vessel wall of the small vessels as confirmed on SWI-FLAIR, FLAIR and post-contrast SWI data. (E) An example case showing a potential

anastomotic vein. Once again, the pre-contrast SWI data was used to confirm the venous origin (red arrow) of this lesion-centric anomaly. The medial-to-lateral

change in WM intensity on the FLAIR data (dotted line on the right-most image) is suggestive of the presence of the corona radiata layer in the WM and note that the

anastomotic vein is abutting at this junction.
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FIGURE 4 | Flow chart of hypothesized effects of abnormal flow in multiple sclerosis related to the neurovascular unit. In this scenario, abnormal medullary vein flow

not only initiates the process of vessel wall damage and vasculitis but also can cause remodeling where the brain attempts to overcome the flow abnormalities and, in

the process, can create complicated drainage pathways including very small or micro venous angiomas by recruiting anastamotic veins connecting the medullary

veins. A recovery of flow may then lead to the resolution (disappearance) of the lesion. Continued slow flow or obstructed flow is likely to exacerbate the conditions

leading to blood brain barrier breakdown and worsening of the flow creating a negative feedback loop that eventually leads to cell and tissue death. On the other

hand, at early stages of the lesion, the pro-inflammatory cytokines can induce endothelial impairment through increased levels of vascular endothelial growth factor

(VEGF), VEGF receptors and endothelial adhesion molecules that lead to a recursive loop that promotes vascular remodeling, angiogenesis and inflammation;

especially as the lesion progresses to a late neurodegenerative stage with chronic hypoperfusion. Note that the numbers listed in the blocks refer to the different

sections in this paper associated with that stage of the disease process: (1) inflammation and vascular damage; (2) venous collagenosis; (3) role of venous ischemia;

(4) cerebral venous infarction; (5) dural sinus flow effects, abnormal CSF flow, and increases in venous pressure; (6) changes in perfusion of MS lesions; (7) fibrin

deposition; (8) retinopathic vascular abnormalities; (9) medullary vein flow; (10) central vein sign; (11) evidence of dilated veins; (12) endothelial dysfunction; (13) loss of

medullary vein density; (14) developmental venous anomalies; (15) early vascular changes as a marker for new lesions; (16) advanced microvascular MRI using

ultra-small superparamagnetic iron oxides (USPIO); and (17) imaging indications of venous abnormalities.

sections, all perhaps indicative of microvascular effects in the
developing MS lesions.

SUMMARY OF THE PUTATIVE TIMELINE

OF EVENTS IN MS

The various materials introduced above include inflammation,
vasculitis, abnormal flow, fibrin and collagen deposition leading
to further reduced flow and perivascular medullary vein
involvement. Recent imaging evidence provides the foundation
stones for building a potential timeline for events that may
represent some aspects of the pathophysiology of multiple
sclerosis. Although the key source of MS is unknown, we

make the assumption that it is, in fact, initially related to
abnormal flow and the cascade of events that would follow
including vasculitis, inflammation, demyelination, ischemia and
eventual tissue death. Based on all these works, we present
our interpretation of the timeline of events in Figure 4. In
this scenario, abnormal medullary vein flow not only initiates
the process of vessel wall damage and vasculitis but also
can cause vascular remodeling where the brain attempts to
overcome the flow abnormalities and, in the process, can create
complicated drainage pathways including very small or micro
venous angiomas by recruiting anastamotic veins connecting
the medullary veins. Sosa et al. show that the abnormal flow
can initiate an endothelial response which in turn can cascade
into further vascular damage and flow obstruction eventually
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leading to an hypoxic ischemic situation which in the case of
chronic inflammation finally leads to the destruction of the tissue
(148). They also note that the anterior and posterior horns are
particularly vulnerable because they are at the watershed zone of
the anterior and middle cerebral arteries (148). Using an animal
model, Desai et al. note that lesions tended to form specifically
in areas of hypoxia and that by reducing the level of hypoxia
lesions were less likely to form (149). These observations are
complementary to the discussion in Caprio et al. in their review
of cardiovascular risk factors related to MS (3). They consider
the roles of smoking, hypertension, diabetes, vitamin D, etc. They
also note that there are elevated levels of endothelin-1, a potent
vasoconstrictor, in the plasma of MS patients. They conclude that
endothelial cell adhesionmolecules, pro-inflammatory cytokines,
vascular growth factors and other molecules could contribute
to vascular remodeling that is typical of MS, which can be
exacerbated during chronic hypoperfusion in later stages of the
lesion progression.

FUTURE POSSIBILITIES AND OTHER

CONSIDERATIONS

Subjects diagnosed with radiologically isolated syndrome (RIS)
can be described as asymptomatic individuals with incidental
radiologic abnormalities suggestive of MS and we have focused
on the studies that cover the pathogenesis for the subjects that
have already clinical signs related to the MS. Nevertheless, there
have been studies that show that in subjects with RIS, around
one-third of all subjects developed neurological symptoms within
5 years (150). Another recent study examined the occurrence of
CVS in RIS subjects and found the number of CVS in RIS much
higher (75%) than the 40% rule in the MS subjects reflecting
a higher rate of perivenous inflammatory demyelination (151).
This reduction in CVS from 75% in RIS to 40–50% in MS could
suggest that, for the subjects that do evolve to symptomatic
MS, the venous collagenosis developed over time due to the
surrounding inflammation and this led to venous wall thickening,
luminal narrowing and vessel occlusion. However, their subject
size was small (n = 20) and the prospective follow-up study
has not been published yet to confirm how many showed
neurological symptoms similar to MS. We would need a larger
population to definitively conclude that venous process.

A key question to resolve in the future with a longitudinal
study would be: “Are the small lesions that appear around
the normal appearing vessels representative of the development
of future lesions?” With the help of longitudinal MICRO
data, we could further elucidate whether the abnormal vessel
behavior, within or surrounding the lesion, act as a potential
source initiating the inflammatory response. Finally, the
automatic separation of venous and arterial components of the
microvasculature for MICRO imaging is an important challenge
to address. This will then allow us to separate the effects of arterial
or venous network on the demyelination over time. One could
potentially achieve this by acquiring SWI at multiple timepoints
with increasing Ferumoxytol concentration levels to elucidate
the difference in temporal signal changes for arterial and venous
blood pools.

CONCLUSION

All this evidence of venous vascular abnormalities in MS leads
to a critical hypothesis as to one potential cause of MS: “Local
disrupted venous flow leads to remodeling of the medullary veins
followed by a breakdown of the endothelium with the subsequent
escape of glial cells, cytokines, etc. that in turn lead to the
autoimmune demyelinating process and subsequent tissue death
and atrophy.” There are several key features in MS that can
be understood in the context of this review. Whether or not
venous flow disruption occurs first, the pathological course of
MS is consistent with the continual feedback loop of constantly
reducing blood flow over time. This is consistent with all
findings in the literature. There are multiple mechanisms by
which demyelination could occur at the cellular level but the
source likely remains the extravasation of various cells and how
they might precipitate demyelination. Abnormal flow is also
consistent with generating an endothelial response in the form
of inflammation first. This then leads again to the conventional
wisdom on how the endothelium responds to inflammation.
However, in the scenario outlined here, we show the effects of
continued flow reduction because of processes such as fibrin
deposition and collagenosis. This can then create a feedback
loop as shown in Figure 4 where vascular insufficiency leads to
venous hypertension and other flow effects that then lead to a
breakdown of the BBB. Further, the return to normal flow may,
in fact, predict why lesions can recover as the usual nutrients
and conditions required for endothelial health return to normal
as well. In summary, this comprehensive overview of vascular
effects in MS should open the door to study abnormal flow and
its temporal relationship to the development of MS lesions using
a variety of in vivo imaging methods. We encourage further
research to study themicrovasculature inMS as it relates to lesion
formation and the development of chronic lesions.
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Purpose: Impairment of cortical cholinergic pathways (CCP) is an important risk

factor for chronic vascular cognitive impairment. However, this phenomenon has

rarely been studied in post-stroke cognitive impairment (PSCI). We investigated the

relationship between PSCI and CCP lesions assessed by structural magnetic resonance

imaging (MRI).

Patients and methods: We prospectively enrolled 103 patients within 7 days of

ischemic stroke onset. CCP was measured by the cholinergic pathways hyperintensities

scale (CHIPS), which semiquantitatively grades MR lesions strategically located on the

CCP identified in human brains. We also measured other MRI parameters, including

the location and volumes of acute infarcts, cerebral microbleeds, medial temporal lobe

atrophy, and white matter lesions. Neuropsychological assessments were performed

using the 60-min modified vascular dementia battery (VDB) at 3 months after the index

stroke, and PSCI was defined according to VDB as well as ADL.

Results: Of all 103 patients, 69 men (67.0%) and 34 women (33.0%) with a mean

age of 57.22 ± 12.95 years, 55 patients (53.4%) were judged to have PSCI at

3 months, including 43 (41.7%) patients with PSCI-no dementia and 12 (11.7%)

patients with poststroke dementia. According to the VBD assessment, the most

commonly impaired cognitive domain was visuomotor speed (27.2%) followed by

verbal memory (25.2%). Univariate analysis showed that patients with PSCI were

older; had higher informant questionnaire on cognitive decline in the elderly (IQCODE)

scores; had more frequent previous stroke history and atrial fibrillation; and had

higher CHIPS scores, more severe white matter lesions, and medial temporal lobe

atrophy. PSCI patients also had higher depression scores at 3 months. In the

multivariate regression analysis, age, IQCODE score, CHIPS score, and Hamilton

depression rating scale score were independent predictors of PSCI. Ordinal regression

analysis for risk factors of poor functional outcomes revealed that IQCODE scores

and cognitive function status were related to mRS score at 3 months after stroke.
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Conclusion: In patients with early subacute ischemic stroke, the severity of lesions

involving the CCP may be associated with cognitive impairment at 3 months.

Clinical Trial Registration: Chinese Clinical Trial Registry, identifier:

ChiCTR1800014982.

Keywords: stroke, cortical cholinergic pathways, brain MRI, cognitive impairment, white matter lesions

INTRODUCTION

Poststroke cognitive impairment (PSCI), which includes PSCI-no
dementia (PSCI-ND) and poststroke dementia (PSD), is one of
the most common outcomes of acute ischemic stroke, occurring
in ≥80% of survivors (1, 2). It has a negative effect on functional
outcomes (1, 3) and predicts the recurrence of vascular events
(4). However, the precise pathological mechanisms of PSCI
remain unclear.

Acetylcholine (ACh) functions as an excitatory
neuromodulator of the cerebral cortex and participates in
nearly all aspects of cortical function, and its reduction may
be closely related to the occurrence of PSCI (5). ACh is mainly
located in the axons of cholinergic neurons, which is the
synthesis of choline and acetyl-CoA in one step by choline
acetyltransferase (ChAT). ACh depends on the vesicle ACh
transporter (VAChT) to be transported and stored in synaptic
vesicles. During an action potential, under the mediation of
Ca2+, ACh vesicles fuse with the presynaptic membrane, and the
vesicles rupture. ACh enters the synaptic cleft and binds to the
ACh receptors of the presynaptic and postsynaptic membranes,
thereby causing physiological effects. The release of Ach is
regulated by many factors. Activation of noradrenergic α1
receptors may increase cortical Ach release, and glutamate can
excite basal forebrain cholinergic neurons and increase cortical
high-affinity bile alkali uptake and ACh release (6–8). There are
two types of ACh receptors: muscarinic acetylcholine receptors
(mAChRs) and nicotinic acetylcholine receptors (nAChRs),
located in the presynaptic and postsynaptic membranes in
the brain, playing important roles in regulating the release of
glutamate, γ-aminobutyric acid, dopamine, norepinephrine, and
other neurotransmitters related to cognitive function (9, 10).
ChAT is the most specific marker for cholinergic neurons. The
cortical cholinergic pathway (CCP) was discovered through
brain ChAT immunohistochemical staining and magnetic
resonance imaging (MRI) overlay analysis technology (11). The
CCP is one of the major cholinergic structural connections in the
brain. It includes the diagonal band of Broca, the medial septal
nuclei, and the nucleus basalis of Meynert (nbM) and projecting
fibers from these cells (12). Severe neurofibrillary degeneration of
cholinergic cell bodies in the nucleus basalis and correspondingly
severe denervation of neocortical cholinergic projections was
reported in a patient with Alzheimer’s disease (AD) (13).
Damage to cholinergic fibers and a decrease in cholinergic
neurotransmitters may be involved in cognitive impairment.

The CCP represents fibers that project from the nbM to
the cortex and amygdala and also branch into the medial and
lateral pathways (11, 14, 15). In 2005, Bocti et al. developed

the cholinergic pathways hyperintensities scale (CHIPS) based
on immunohistochemical research to measure CCP (16). Lim
et al. first established a case-control study of patients with acute
ischemic stroke, using a modified version of CHIPS to evaluate
the MRI data and reported that disruption of the cholinergic
pathways and major hubs of large-scale neural networks might
contribute to newly developed dementia after acute ischemic
stroke (17). However, the sample in this previous study was
relatively small, and the potential relationship between CCP
involvement and PSCI in patients with acute or early subacute
ischemic stroke was not studied in detail. Hence, we conducted
the present study to explore the relationship between the degree
of CCP involvement and PSCI in patients with early subacute
ischemic stroke.

METHODS

Patients
The study was conducted in Division I, Department of
Neurology, Dongguan People’s Hospital (Dongguan, China)
between September 1, 2018, and July 31, 2019. The inclusion
criteria for the study were (1) age >18 years, (2) first or
recurrent early subacute ischemic stroke occurring within 7
days before admission (the ischemic stroke diagnosis was
made in accordance the American Heart Association Stroke
Council criteria) (18), and (3) that a complete brain MRI
examination had been performed. The exclusion criteria were
(1) transient ischemic attack, cerebral hemorrhage, epidural or
subdural hematoma, or subarachnoid hemorrhage; (2) prestroke
cognitive impairment, which was assessed using the informant
questionnaire on cognitive decline in the elderly (IQCODE)
in hospital (19); (3) coexisting conditions (beside stroke) that
affect cognitive function (e.g., major depression or anxiety,
chronic alcoholism, previously diagnosed psychiatric conditions,
epilepsy, severe traumatic brain injury, Parkinson’s disease,
multiple sclerosis); (4) lack of complete clinical or MRI data;
(5) death during hospitalization; (6) severe stroke indicated by
a National Institutes of Health stroke scale (NIHSS) score ≥15
points at discharge; (7) patients with severe comorbidities (e.g.,
liver, kidney, heart, or respiratory failure or malignant tumors);
(8) severe hearing disabilities, sight disabilities, or language
disorders at discharge according to physical examination; and (9)
refusal by patients or their relatives to provide informed consent.

Collection of Demographic Data
Demographic and clinical variables (i.e., age, sex, years of
education, onset time, vascular risk factors, history of stroke,
and neurological deficit status assessed using the NIHSS)
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were collected. Preexisting cognitive status was evaluated using
the IQCODE within 3 days after admission. The IQCODE
questionnaire consists of 16 items that assess impairment in the
patient over the previous 10 years. The IQCODE score ranges
from 16 (marked improvement in all items) to 80 (marked
worsening in all items). A total score >51 points is considered
to indicate a preexisting cognitive impairment (19).

MRI Assessments
Brain MRI scanning, including T1-, T2-, diffusion-, and
susceptibility-weighted imaging sequences were performed on
each participant using a 3.0-T system (Sonata; Siemens Medical,
Erlangen, Germany) within 7 days after admission. Diffusion-
weighted image spin-echo echo-planar imaging (repetition time
[TR]/echo time [TE]/excitation: 2,162/76/1; matrix: 128×128;
field of view (FOV): 230mm; slice thickness/gap: 6 mm/1mm;
echo-planar imaging factor: 47; acquisition time: 25.9 s) with
three orthogonally applied gradients was used with a b value of
0 and 1,000. Axial spin echo T1 (TR/TE/excitation: 488/15/1;
FOV: 230mm, slice thickness/gap: 6 mm/1mm; matrix: 256 ×

256; time of acquisition: 1min 24.8 s) and turbo spin echo T2
(TR/TE/excitation: 3,992/110/2; turbo factor: 15; FOV: 230mm;
slice thickness/gap: 6 mm/1mm; matrix: 512 × 512, time of
acquisition: 1min 55.8 s) images were also captured.

A neurologist (JFQ) measured the MRI variables as follows:
(1) Assessment of lesions involving the CCP. Lesions

involving the CCP were assessed using CHIPS (16), which
was developed based on immunohistochemical tracings of the
cholinergic pathways in humans, superimposed onto a structural
MRI image (11). Measurement zones within four index slices
of white matter regions were demarcated on axial T2-weighted
images of the lateral ventricles and the third ventricle. Slices:
(A) low external capsule layer (four separate zones: bilateral
anterior and posterior zones), (B) high external capsule layer
(six separate zones: bilateral anterior, posterior, and cingulate
gyrus zones), (C) corona radiata (six separate zones: bilateral
anterior, posterior, and cingulate gyrus zones), and (D) semioval
center (four separate zones: bilateral anterior and posterior
zones). The severity of white matter hyperintensities (WMHs)
in each zone was scored as (1) normal (0 points), (2) <50%
of the region involved (1 point), and (3) ≥50% of the region
involved (2 points). Severity scores were weighted according
to the distribution density of cholinergic fibers. The weighting
coefficients were as follows: 4 for slice A, 3 for slice B, 2 for slice
C, and 1 for slice D. The score for each region was obtained
by adding all points from the measurements of small zones and
multiplying them by the weighting coefficient. The maximum
score per hemisphere was 50, and the total maximum score per
scan when combining scores for all four regions was 100. The
CHIPS total score showed a good correlation with lesion volume
within the cholinergic pathways (Spearman’s= 0.87, p< 0.0001).
Higher CHIPS scores suggest more severe CCP impairment
(16). Lesions involving the CCP included acute infarction, old
infarction, or WMHs (Figure 1) (20).

(2) Acute infarcts. Acute infarcts were defined as regions
of restricted water diffusion identified on diffusion-weighted
imaging with b values of 1,000 together with hypointensity on

the corresponding apparent diffusion coefficient map. The sites
of acute infarcts were divided into cortical regions (frontal,
temporal, parietal, and occipital lobes), subcortical regions (white
matter, basal ganglia, and thalamus), and infratentorial regions
(i.e., brainstem and cerebellum). The contours of an acute infarct
on diffusion-weighted imaging were manually outlined. The total
volume was subsequently calculated by multiplying the total area
by the sum of the slice thickness and the gap.

(3) White matter lesions (WMLs). The severity of WMLs,
including deep white matter hyperintensities (DWMH) and
periventricular hyperintensities (PVH), were scored using fluid-
attenuated inversion recovery images with the Fazekas scale
(range 0–3) (21).

(4) Medial temporal lobe atrophy (MTLA). MTLA was
assessed using the Scheltens’ scale (22) in which coronal
MRI sections are used to judge the severity of MTLA based
on standard images (range from 0 to 4, no atrophy to
severe atrophy).

(5) Cerebral microbleeds. These were defined as small (2–
10mm) hypointense lesions with a clear margin in susceptibility-
weighted imaging. Symmetric basal ganglia calcification and flow
void artifacts of the pial blood vessels were excluded.

Cognitive and Psychological Assessments
Neuropsychological assessments were performed at 3 months
through a face-to-face interview with patients after the index
stroke by a trained neurologist (HHZ), who was blinded to all
clinical data. We did not assess cognitive impairment in the acute
phase because, in acute stroke, assessment of cognitive function
is not reliable because of cognitive status being unstable, and
the severity of disease can preclude lengthy neuropsychological
testing (23, 24). We did not assessed the cognitive function used
by the Montréal Cognitive Assessment because it is commonly
used as a screening tool rather than a diagnostic criteria (25, 26).
We used a more comprehensive neuropsychological battery that
was a modified version of the vascular dementia battery (VDB)
(27, 28), which comprises the following seven cognitive domains:
(1) executive functions [frontal assessment battery (29, 30); trail-
making test, parts A and B]; (2) attention (digit span: forward
and backward) (31), visualmemory span (forward and backward)
(32) and the auditory detection test (28); (3) language (modified
Boston naming test) (33) and verbal fluency (34) (animal and
food categories); (4) verbal memory (immediate and delayed
word list recall, delayed word list recognition, and immediate
and delayed story recall) (35). For this, the tester needs to clearly
read 12 related vocabularies or a story to the testee, learn it
three times, and then the tester needs to recall the vocabulary
or story in real time and then recall the vocabulary or story
they just learned 20min later. During the delayed word list
recognition, according to the content just learned, the testee
needs to recognize the order of the vocabulary. Next is (5)
visual memory (immediate picture recall, delayed picture recall,
and delayed picture recognition) (32), visual reproduction I
and II and delayed recognition from the Wechsler memory
scale III (WMS-III) (32); (6) visuoconstruction [clock drawing
test (35), Wechsler adult intelligence scale III [WAIS-III] block
design (31) and visual reproduction (copy) from WMS-III (32)];
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FIGURE 1 | Cholinergic Pathways Hyperintensities Scale (CHIPS) scores from representative patients with both early subacute ischemic stroke and white matter

lesions (WMLs). Slices: (A) low external capsule layer (bilateral posterior zones score are 1 each, bilateral anterior zones score 0); (B) high external capsule layer

(bilateral posterior zones score 1 each, bilateral anterior and cingulate gyrus zones score 0); (C) corona radiata (right posterior zone score 1, bilateral anterior and

cingulate gyrus zones score 0); and (D) the semioval center (bilateral anterior and posterior zones score 0).

(7) visuomotor speed [symbol digit modalities test (36), digit
cancellation test, and the maze task (28)]. The testee can see the
content of the test. In the symbol digit modalities test, he or she
needs to simulate different symbols corresponding to different
numbers that have been specified, fill in the corresponding
numbers in the space below the symbols, and record the number
filled in by the tester in 120 s. In the digit cancellation test,
the subject needs to cross out the number to be canceled as
much as possible within 90 s. The maze task is to calculate the
time it takes for the testee to successfully find the exit route
of the maze. Apart from the executive domain, impairment of
individual cognitive domains was identified if at least 50% of
the subtests were below the cutoff points. The cutoff points were
derived from a Chinese sample (33) (Supplementary Table 1).
The criteria for impairment in any of the seven cognitive
components were adjusted for the education level of each patient
(28). PSCI refers to a series of syndromes meeting the diagnostic

criteria of cognitive impairment within 6 months after an index
stroke according to the Diagnostic and Statistical Manual of
Mental Disorders (Fifth Edition) criteria (37). We defined PSCI
as impairment in at least one cognitive domain; PSCI-ND
was defined as impairment in at least one cognitive domain
but with normal daily abilities, which were assessed using the
Lawton activities of daily living (ADL) scale (38). Cases with
simultaneous impairment in at least two cognitive domains
and IADL were considered to have PSD. Additionally, we also
assessed the anxiety and depression statuses of patients, which
were measured using the Hamilton anxiety rating scale (HAMA)
and the Hamilton depression rating scale (HAMD), respectively.

Functional Dependence and Disability
Assessment at 3 Months
The functional dependence assessment at 3 months used the
ADL scale. The ADL, which includes the instrumental ADL

Frontiers in Neurology | www.frontiersin.org 4 June 2021 | Volume 12 | Article 606897125

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Zhong et al. CCP and Post-stroke Cognitive Impairment

(IADL) and basic ADL (BADL) scales, examines the current
functional level of a patient and can identify improvement or
deterioration over time. The eight domains of function measured
with the IADL scale include the ability to use a telephone,
shopping, food preparation, housekeeping, laundry, mode of
transportation, responsibility for own medications, and ability to
handle finances. The total IADL score is calculated by summing
up the points obtained for each item. The maximum IADL
score is 32. The BADL scale features six additional questions
that measure different levels of toilet activity, feeding, dressing,
grooming, and physical activities. The total ADL score is
calculated by summing the IADL and BADL scores together.
The lowest possible ADL score is 14 points, which indicates
that the patient’s abilities are completely normal. If the score is
>14 points, there is a reduced function, and the highest possible
score is 56 points. The severity of disability was measured with
the modified Rankin scale (mRS). We defined a poor disability
outcome as mRS > 2 points. Death and recurrence of stroke
during the follow-up period were also recorded.

Statistical Analysis
All statistical analyses were conducted using the SPSS Version
24.0 (IBM Corp., Armonk, NY, USA) software. Descriptive data
are presented as proportions, means, or medians as appropriate.
A univariate analysis was performed to compare putative risk
factors between patients with and without PSCI. In the logistic
regression analysis, we used a backward elimination procedure.
The PSCI served as a dependent variable. Subsequently, risk
factors with a value of P < 0.05 were analyzed with a multivariate
logistic regression analysis using a backward stepwise selection
strategy. Correlation analyses were conducted to test collinearity
between candidate independent variables. If the correlation
coefficient between any of these putative risk factors was
≥0.50, then variables with a smaller P-value were entered into
the logistic regression. As age and prestroke cognitive status
were important risk factors for PSCI, we set up two models,
respectively. Model 1 included age, and model 2 included
IQCODE score with the rest of the putative factors held constant.
The odds ratio of any independent risk factor was interpreted
as the risk of non-remission of PSCI, when all other risk factors
were held constant. For the analysis of the association between
cognitive status and mRS, we constructed an ordinal regression
model (dependent variable: mRS grading), adjusted for age
education level, IQCODE, NIHSS score at admission, and PVH.
The level of statistical significance was set at P< 0.05 (two-sided).

RESULTS

During the study period, 279 Chinese patients were consecutively
screened, and 103 patients were included in the analysis. The
patient selection process is shown in Figure 2.

Compared with the excluded patients, the study population
was younger (57.22 ± 12.95 years vs. 65.74 ± 13.51 years; P <

0.001) and had lower NIHSS scores and IQCODE scores (2 [1–4]
vs. 4 [2–8.5], P = 0.003; 49 [48–49] vs. 50 [48–53.75], P < 0.001,
respectively); however, there was no significant difference in sex
(69men [67.0%] vs. 117 women [66.5%]; P= 0.930), respectively.

The baseline characteristics of the recruited patients are
summarized in Table 1. The study sample comprised 69 men
(67.0%) and 34 women (33.0%) with a mean age of 57.22± 12.95
years. The IADL score is 8 (8–9) and the mRS score was 1 (0–2)
at 3 months.

Of the 103 patients who completed the modified VDB
assessment at 3 months and according to the modified VDB
assessment, 48 patients had no impaired cognitive domain. The
distribution of numbers of impaired cognitive domains were: one
(20 patients), two (18 patients), three (seven patients), four (six
patients), five (one patient), six (three patients), and all seven
domains (one patient). The most commonly impaired cognitive
domain was visuomotor speed with impairment found in 28
(27.2%) cases, followed by verbal memory impairment in 26
(25.2%) cases. Visual memory was least commonly impaired with
only nine (8.7%) cases exhibiting visual memory impairment
(Supplementary Figure 1). By definition, a total of 55 patients
had PSCI, of which 43 (41.7%) were PSCI-ND and 12 (11.7%)
were PSD patients. The comparisons of CHIPS scores in terms
of each cognitive domain impairment or not are shown in
Supplementary Table 4. It reveals that, except for the visual
memory, CHIPS scores were significantly higher in patients with
impairment in all other cognitive domains (Figure 3).

Univariate Analysis of PSCI
The univariate analysis reveals that patients with PSCI were older,
had higher IQCODE scores, had more frequent previous stroke
history and atrial fibrillation, had higher CHIPS scores, and had
more severe WMLs and MTLA. Additionally, patients with PSCI
had higher HAMD scores at 3 months (Table 1). Furthermore,
PSCI patients had severer impairment in each zone of the CCP in
comparison to those with non-PSCI (Supplementary Table 2).

Multivariate Logistic Regression Analysis
of PSCI
The independent variables with values of P < 0.05 in the
univariate analysis results (Table 1) were subjected to Spearman’s
correlation analysis to check the colinearity, including age,
IQCODE score, ischemic stroke history, atrial fibrillation history,
infratentorial acute infarction, total CHIPS score, PVH, DWMH,
MTLA, and HAMD. Age was significantly correlated with
IQCODE score, PVH score, and MTLA score (correlation
coefficient r= 0.566, 0.509, and 0.549, respectively). Additionally,
PVH score was significantly correlated with DWMH score,
CHIPS score, and MTLA score (r = 0.675, 0.586, and 0.557,
respectively), and CHIPS score was also significantly correlated
with DWMH score and MTLA score (r = 0.713 and 0.529,
respectively). There were no significant correlations between any
other independent variables (the correlation coefficients were
all <0.5). Because both age and IQCODE score are important
factors affecting PSCI, we set up two models to analyze them.
Model 1 included age, and model 2 included IQCODE score with
the rest of the factors held constant; history of ischemic stroke,
history of atrial fibrillation, acute infratentorial infarction, CHIPS
score, and HAMD score served as independent variables.

The logistic regression of model 1 revealed that age, CHIPS
score, and HAMD score were independent risk factors for PSCI
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FIGURE 2 | Patient recruitment flowchart. VDB, modified version of the Vascular Dementia Battery; TIA, transient ischemic attack; NIHSS, National Institutes of Health

Stroke Scale.

at 3 months, whereas model 2 revealed that IQCODE, CHIPS,
and HAMD scores were independent risk factors for PSCI at
3 months (Table 2). Compared with model 2, the predictive
probability of model 1 was greater (80.6 vs. 74.8%), and themodel
fit was higher (Cox and Snell R2 = 0.377 vs. 0.309; Nagelkerke R2

= 0.504 vs. 0.413).
As the history of stroke was an important risk factor for

PSCI, we conducted another regressionmodel in patients without
stroke history (Supplementary Table 3). The analysis revealed
that, despite adjusting for the previous stroke, higher CHIPS
scores were also associated with PSCI at 3 months.

Ordinal regression analysis revealed that more severe
cognitive dysfunction was significantly associated with higher
mRS, adjusted for age, education level, IQCODE, NIHSS score
at admission, and PVH (Table 3).

DISCUSSION

In this longitudinal observational study, we assessed the
associations between PSCI and lesions involving the CCP in
Chinese patients with early subacute ischemic stroke. Our main
finding was that a higher CHIPS score was associated with
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TABLE 1 | Comparisons of demographic, clinical, and imaging characteristics between patients with normal cognition and those with PSCI.

Whole sample n = 103 Normal n = 48 PSCI n = 55 t/z/χ2 P-value

Age (years)a 57.22 ± 12.95 51.33 ± 13.24 62.36 ± 10.31 −4.667 <0.001

Maleb 69 (67.0%) 36 (75.0%) 33 (60.0%) 2.608 0.106

Education levelb 86.878 0.619

Illiteracy (<1 year) 6 (5.8%) 1 (2.1%) 5 (9.1%)

Primary (1–6 years) 51 (49.5%) 18 (37.5%) 33 (60.0%)

Secondary (7–12 years) 38 (36.9%) 23 (47.9%) 15 (27.3%)

University (>12 years) 8 (7.8%) 6 (12.5%) 2 (3.6%)

IQCODE scorec 49 (48–49) 48 (48–48) 49 (49–50) −5.630 <0.001

Smoking history (≥6 months)b 37 (35.9%) 19 (51.4%) 18 (48.6%) 0.523 0.469

Hypertensionb 64 (62.1%) 26 (40.6%) 38 (59.4%) 2.427 0.119

Diabetes mellitusb 31 (20.1%) 11 (22.9%) 20 (36.4%) 2.203 0.138

Ischemic stroke historyb 14 (13.6%) 3 (6.3%) 11 (20.0%) 4.126 0.042

Atrial fibrillationb 11 (10.7%) 1 (2.1%) 10 (18.2%) 6.964 0.008

NIHSS score at admissionc 2 (1–4) 2 (1.5–4) 3 (2–4) −1.208 0.227

i.v. thrombolysisb 16 (15.5%) 7 (14.6%) 9 (16.4%) 0.062 0.803

Stroke subtypeb 8.343 0.072

Large artery 31 (30.1%) 12 (25.0%) 19 (34.5%)

Cardioembolism 12 (11.7%) 2 (4.2%) 10 (18.2%)

Small artery 37 (35.9%) 21 (43.8%) 16 (29.1%)

Other etiologies 7 (6.8%) 5 (10.4%) 2 (3.6%)

Unknown etiologies 16 (15.5%) 8 (16.7%) 8 (14.5%)

Location of acute infarction

Cortical regionb 47 (45.6%) 18 (37.5%) 29 (52.7%) 2.396 0.122

Subcortical regionb 72 (69.9%) 31 (64.6%) 41 (74.5%) 1.209 0.272

Infratentorialb 29 (28.2%) 18 (37.5%) 11 (20.0%) 3.880 0.049

Infarct volumec 1.37 (0.52–8.14) 1.20 (0.38–11.10) 3.74 (0.67–11.93) −1.690 0.091

Total CHIPS scorec 16 (4–36) 8 (2.5–18.5) 27 (10–44.5) −3.611 <0.001

PVHc 1 (0–2) 1 (0–1) 2 (1–2) −2.997 0.003

DWMHc 1 (0–1) 0 (0–1) 1 (1–2) −2.769 0.006

MTLAc 1 (0–4) 0 (0–2) 2 (1–4) −3.596 <0.001

Presence of CMBsb 38 (36.9%) 15 (31.3%) 23 (41.8%) 1.130 0.288

HAMAc 7 (5–10) 7 (5–10) 9 (5–12.75) −1.714 0.087

HAMDc 8 (5–12) 8 (5–10) 9.5 (6–14) −2.514 0.012

ADLc 14 (14–16) 14 (14–14) 14 (14–19) −2.802 0.005

IADLc 8 (8–9) 8 (8–8) 8 (8–12) −2.633 0.008

BADLc 6 (6–6) 6 (6–6) 6 (6–7) −3.201 0.001

mRSc 1 (0–2) 1 (0–1) 1 (0–2) −2.075 0.007

aMean (SD), t-test.
bn (%), chi-squared test.
cM(Qu-QL), Mann–Whitney U-test.

PSCI, post-stroke cognitive impairment; IQCODE, Informant Questionnaire on Cognitive Decline in the Elderly; NIHSS, National Institutes of Health Stroke Scale; i.v., intravenous; CHIPS,

Cholinergic Pathways Hyperintensities Scale; PVH, periventricular hyperintensity; DWMH, deep white matter hyperintensity; MTLA, medial temporal lobe atrophy; CMBs, cerebral

microbleeds; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; ADL, Lawton Activities of Daily Living; IADL, Instrumental Activities of Daily Living; BADL,

Basic Activities of Daily Living; mRS, modified Rankin Scale.

the presence of PSCI at 3 months after stroke adjusted for
possible confounders, indicating CCP lesions might play a
role in PSCI.

In the present study, the incidence of PSCI at 3 months
after a mild-to-moderate index stroke was 53.4%. This finding
was similar to the results of several previous studies (2, 39).
Differences in the reported incidence of PSCI may be attributed
to different definitions of PSCI, use of different assessment tools,

different sample sizes, the healthcare institutions in which the
patients were treated, and different therapeutic management.

Our findings suggest that severe lesions involving the CCP
may be associated with cognitive impairment at 3 months after
an ischemic stroke. The reduction of certain neural matrices
in the cholinergic pathway or the disruption of information
transmission on this pathway may lead to a disruption of
the neural network connections, potentially contributing to
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FIGURE 3 | Comparison of the CHIPS score according to impairment in each cognitive domain.

TABLE 2 | Multivariate logistic regression of risk factors for PSCI.

B OR (95% CI) P-value

Model 1 Age (years) 0.078 1.081 (1.032–1.132) 0.001

Ischemic stroke history −0.117 0.890 (0.178–4.443) 0.887

Atrial fibrillation 1.570 4.805 (0.540–42.735) 0.159

Acute infratentorial infarction −0.844 0.430 (0.141–1.313) 0.138

Total CHIPS score 0.034 1.034 (1.006–1.063) 0.016

HAMD 0.148 1.160 (1.047–1.284) 0.004

Model 2 IQCODE score 1.405 4.074(2.064–8.041) <0.001

Ischemic stroke history −0.151 0.860 (0.160–4.615) 0.860

Atrial fibrillation 1.417 4.378 (0.445–43.025) 0.205

Acute infratentorial infarction −0.437 0.646 (0.199–2.094) 0.467

Total CHIPS score 0.037 1.038 (1.009–1.067) 0.009

HAMD 0.115 1.122 (1.011–1.246) 0.030

OR, odds ratio; CI, confidence interval; CHIPS, Cholinergic Pathways Hyperintensities Scale; HAMD, Hamilton Depression Rating Scale; IQCODE, Informant Questionnaire on Cognitive

Decline in the Elderly.

newly developed PSD (17). The lesions measured in CCP
using the CHIPS included WMH lesions on T2-weighted
MRI, which might have been caused by chronic and acute
vascular damage. All these lesions involving the CCP may affect
information transmission in the central acetylcholinergic system,
thereby affecting cognitive and modulate attentional functions.
Additionally, some studies suggest that the pathogenesis of PSCI
may include the coexistence of neurodegenerative pathology
and cerebrovascular damage in patients after stroke, which
mutually promote and may contribute to cognitive impairment
(11, 39–41). Furthermore, several studies demonstrate that PSCI
development and a poor functional prognosis after stroke are
not only the result of acute ischemic stroke lesions; the adaptive
capacity of the brain (including brain reserve and cognitive
reserve capacities) before stroke also plays a vital role (42). CHIPS
not only measures lesions on the CCP caused by old-/new-onset

infarction, but also by aging or disease-related changes in the
white matter leading to a disruption of cholinergic fibers by
strategically located WMHs (20). It is, therefore, reasonable to
take new-onset acute infarction, old infarction, and WMHs into
consideration when calculating the CHIPS score.

As previously reported in other studies, we found that
age and IQCODE score were important risk factors for
PSCI (43, 44). Previous studies indirectly suggest that PSCI
is closely related to brain cognitive function reserve before
stroke. The present results indicate that higher depressive scores
may be associated with PSCI. Several other studies reported
similar results, depressive status was closely associated with
cognitive impairment in stroke patients (1, 41) because lesion
damage can induce inflammation, and circulating cytokines
and immune responses may promote depression and cognitive
impairment (45).
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TABLE 3 | Ordinal regression analysis of mRS at 3 months*.

Estimate 95% C.I. P-value

Age −0.010 −0.051–0.031 0.636

IQCODE score 0.133 −0.376–0.643 0.608

Education level 0.387 −0.217–0.990 0.209

NIHSS score at admission 0.165 0.047–0.284 0.006

PVH 0.301 −0.164–0.767 0.204

Cognitive status 1.176 0.431–1.920 0.002

IQCODE, Informant Questionnaire on Cognitive Decline in the Elderly; NIHSS, National

Institutes of Health Stroke Scale; PVH, periventricular hyperintensity.

*Cognitive status includes normal cognitive function, PSCI-ND and PSD.

Our study did not distinguish the impact of left and right
hemisphere damage on cognitive function or CCP. As required
by most studies, the VDB test requires that the patient does not
have significant aphasia. Therefore, patients with severe language
impairmentmost likely caused by left-hemispheric infarction had
been excluded, resulting in a potentially selected bias. Previous
research also shows that the transmission of cholinergic signals
in the brain is network transmission not just limited to the
unilateral cerebral hemisphere (15). Thus, it is not reliable to
assess the impact of left or right hemisphere lesions on CCP and
cognitive outcomes.

According to Table 2, the current results indicate that severe
lesions of CCP may be correlated with PSCI in patients with
recurrent or first-ever stroke. Many previous studies show that
people with multiple strokes are substantially more likely to
have PSCI than people with the first stroke. According to
Supplementary Table 3, involving a regression model that did
not include patients with previous stroke also suggest that higher
CHIPS scores were associated with PSCI. These results indicate
that CCP is a major risk factor for PSCI not only in patients with
first-ever stroke but also those with multiple strokes.

The current findings also reveal that PSCI was associated with
more severe disability at 3 months, which suggests that it is
important to screen for and treat PSCI after stroke. However, in
the current study, the NIHSS scores of the included patients were
lower, and most patients had mild mRS scores at 3 months after
stroke, potentially generating a statistical offset.

As a strength of the present study, we collected relatively
detailed clinical, imaging, and follow-up data from early subacute
ischemic stroke patients using a prospective research method.
The second strength was the use of comprehensive MRI
assessments, including acute cerebral infarction assessment and
preexisting abnormalities assessments, which include CMBs,
MTLA, andWMLs. Third, when the promotion of advancedMRI
is limited, we can use the CHIPS score, the semiquantitative MR
score, to assess the degree of CCP damage, which has been rarely
investigated in acute ischemic stroke. However, this study was
also characterized by several limitations: (1) The rate of loss to
follow-up in the present study was relatively high, and the sample
size was relatively small. (2) The IQCODE is a global assessment
of cognitive impairment prestroke; it is inadequate for rigorous
assessment of specific cognitive domains. Therefore, residual

confounding of prestroke cognitive function remains possible.
(3) Although we have excluded obvious visual and auditory
impairments, neurological diseases and previous psychiatric
history based on medical records and physical examinations, we
did not conduct a detailed evaluation of these conditions, which
might affect the results of the cognitive assessment. (4)NIHSS,
mRS, andADL scores at 3months formost patients were low, and
patients with severe stroke were excluded, potentially limiting
the generalizability of the current findings. (5) MRI with a slice
thickness/gap of 6 mm/1mm cannot accurately measure the
degree of CCP lesions, which means that we may have missed
small lesions in the CCP. (6) We only used semiquantitative
measurement tools to assess MRI features. These tools cannot
accurately distinguish and measure cholinergic nerve pathways
and other related nerve pathway fibers (e.g., glutaminergic and
other neurotransmitter pathways), nor can they evaluate certain
measurements that may predict cognitive function, such as
cortical thickness or hippocampal volume.

In conclusion, the incidence of PSCI in the present study
population was 53.4%. The severity of lesions involving the
CCP may be associated with cognitive impairment at 3 months
after stroke. Additionally, cognitive function status is closely
related to prognostic outcome and can affect stroke survivors’
quality of life.
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Background: Recent emerging evidence has highlighted the potential critical role

of cerebrospinal fluid (CSF) in cerebral waste clearance and immunomodulation. It

is already very well-established that the central nervous system (CNS) is completely

submerged in CSF on a macro-level; but to what extent is this true on a micro-level?

Specifically, within the peri-neural and peri-vascular spaces within the CNS parenchyma.

Therefore, the objective of this study was to use magnetic resonance imaging (MRI)

to simultaneously map the presence of CSF within all peri-neural (cranial and spinal

nerves) and peri-vascular spaces in vivo in humans. Four MRI protocols each with five

participants were used to image the CSF in the brain and spinal cord. Our findings

indicated that all CNS neuro- and vascular-communication channels are surrounded with

CSF. In other words, all peri-neural spaces surrounding the cranial and spinal nerves

as well as all peri-vascular spaces surrounding MRI-visible vasculature were filled with

CSF. These findings suggest that anatomically, substance exchange between the brain

parenchyma and outside tissues including lymphatic ones can only occur through CSF

pathways and/or vascular pathways, warranting further investigation into its implications

in cerebral waste clearance and immunity.

Keywords: cerebrospinal fluid, central nervous system, glymphatic clearance, cerebral waste clearance, magnetic

resonanace imaging

INTRODUCTION

The critical involvement of cerebrospinal fluid (CSF) in metabolic cerebral waste clearance (CWC)
has gained a lot of momentum lately. Our traditional understanding of CSF circulation is that
it is produced by the choroid plexus and circulates through the ventricles and subarachnoid
spaces, exiting directly into the dural venous sinuses via arachnoid granulations/villi (1–5).
Recent studies have expanded upon this traditional understanding and demonstrated that
CSF penetrates and interacts with the brain parenchyma through a defined pathway with the
purpose of CWC; this has been coined the glymphatic pathway (6). A significant portion of
the subarachnoid CSF penetrates the brain parenchyma through para-arterial routes, facilitated
by aquaporin-4 protein water channels (AQP4) on astrocytic end-feet (7–12). CSF then mixes
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with the interstitial fluid, and together, they are cleared
debatably though para-venous routes with any associated solutes;
once again, facilitated by AQP4 (8, 13–15). Dysfunctions of
this glymphatic pathway have been associated with a broad
range of neurological diseases including, but not limited to,
Alzheimer’s disease, stroke, traumatic brain injury, multiple
sclerosis, diabetes, and chronic traumatic encephalopathy;
begging the question of its involvement in virtually all
neurodegenerative diseases (8–10, 12, 14, 16–19). Therefore,
it has become apparent that gaining a complete and accurate
understanding of CSF physiology is an essential prerequisite to
understanding the pathophysiology underlying this broad range
of neurological disease.

In light of the importance of CSF physiology, researchers
have focused their attention on investigating CWC CSF outflow
pathways, out of the central nervous system (CNS). The
traditional outflow pathway via the arachnoid granulations/villi is
becoming increasingly unpopular due to the lack of physiological
evidence to support it (20, 21). This traditional pathway was
primarily based on a study published over a 100 years ago,
performed under non-physiologically high CSF pressure in
human cadaver brain (22). More recently, the lymphatics have
been identified as a major outflow pathway via peri-neural spaces
(23, 24). Several studies have demonstrated the presence of CSF
tracer within the sheaths surrounding cranial and spinal nerves;
with the spotlight focused on the olfactory nerve (CN I) peri-
neural space depositing into the nasal submucosa lymphatics
(23–29). CSF within these peri-neural spaces exits the cranial
cavity and vertebral column along the cranial and spinal nerves,
respectively. At this point, CSF within the peri-neural spaces
is proposed to be absorbed into the surrounding interstitial
space/epidural tissue, and/or directly into the surrounding
regional lymphatic vessels outside the CNS (26, 28, 30–34).
Furthermore, the recently established meningeal lymphatic
vessels are proposed to serve as another lymphatic-associated
outflow pathway; However, the exactmechanism remains unclear
(11, 35–37).

Although our understanding of CSF physiology remains
relatively rudimentary and is still very much under investigation,
one concept has become increasingly apparent: all CNS neuro-
and vascular-communication channels are surrounded with CSF.
It is already very well-established that the CNS is completely
submerged in CSF on a macro-level; but now we know that
this is true even on a micro-level, specifically within the peri-
neural and peri-vascular spaces within the CNS parenchyma.
Most studies have asynchronously investigated these spaces and
these investigations have been mainly conducted in animals and
human cadavers. Moreover, although CSF-filled peri-vascular
spaces in several brain regions have been illustrated in several
studies, to our knowledge, there is no systematic study focusing
on whether all cerebral vasculature (with the exception of
capillaries) are surrounded with CSF, and this can only be
revealed using in vivo imaging methods. Therefore, the objective
of this study was to use magnetic resonance imaging (MRI)
to simultaneously map the presence of CSF within all peri-
neural (cranial and spinal nerves) and peri-vascular spaces in vivo
in humans.

METHOD

To prove the concept, we designed four types of experiments
each with five healthy participants (ages 23–59 years; three
males and two females). Each protocol was tailored to a specific
area of investigation and anatomical structures, such as cranial
nerves and their corresponding perineural spaces, cerebral
vasculature and their corresponding perivascular spaces, and
different segments of the spinal cord. The study was approved by
local Institutional Review Board. Written consent was obtained
prior to each MRI experiment. Various sequences were used to
image CSF in the brain and spinal cord at 3T (Verio, Siemens
Healthineers, Erlangen, Germany).

The first experiment employed a 3D T2-weighted (T2W)
“Sampling Perfection with Application optimized Contrasts
using different flip angle Evolution” (T2W-SPACE) sequence
to image the CSF and cranial nerves with hyperintense CSF
signal and hypointense signal for cranial nerves and blood vessels
(38). This sequence yields a high nerve-to-CSF contrast and a
high spatial resolution within a practical scanning time period.
By optimizing timing parameters, uniform signal intensity of
gray matter and white matter was acquired with repetition time
(TR)/echo time (TE)= 1,000/132ms. Imaging resolution was 0.5
× 0.5 × 0.8 mm3. With a parallel imaging accelerating factor of
2, the scanning time was 5min for 114 axial slices covering the
brain. All diameters were measured on the best shown slice using
the standard software provided with the MRI scanner. We have
reported the diameters as mean(±SE), as well as the diameter
ratio of the cranial nerve diameter over the total diameter (cranial
nerve diameter+ corresponding peri-neural space diameter), for
all 12 cranial nerves in healthy humans (Figures 1, 2).

For the second experiment, in order to image CSF in peri-
vascular spaces and to demonstrate that all MRI-visible cerebral
blood vessels were surrounded by CSF, we used high-resolution
“STrategically Acquired Gradient Echo” (STAGE) imaging to
simultaneously obtain bright-blood and dark-blood images (39–
41). The STAGE imaging included a proton density weighted
(PDW) scan and a T1-weighted (T1W) scan. Both images were
fully flow compensated with bright blood signal. By subtracting
the PDW from the inverted T1W image, one could obtain a
synthetic T2W dark-blood image (sT2W) presenting bright-
CSF and uniform gray matter and white matter intensities. The
high-resolution STAGE data were acquired in the sagittal plane
with a scan matrix of 2,048 × 832 leading to a resolution of
0.1 × 0.2 × 2.0 mm3. Scan time was 17min. The STAGE
method simultaneously yielded naturally co-registered dark-
blood (sT2W) and bright-blood (T1W) which were used to
visualize the blood vessels and perivascular spaces in the order
of 100µm. In addition, to acquire a pure CSF image with
suppressed blood signals, we used a 3D turbo-spin echo (TSE)
sequence with TR/TE = 2,000/345ms and an isotropic voxel
size of 0.5mm. With such a long echo time, the images
were heavily T2-weighted such that all tissues other than
CSF (very long T2) were suppressed. Given the long TR/TE
and high-resolution 3D sampling scheme, the sequence took

half an hour covering the central half of the brain in the
sagittal plane.

Frontiers in Neurology | www.frontiersin.org 2 June 2021 | Volume 12 | Article 614636134

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Fahmy et al. CNS Communication Channels & CSF

The third experiment was performed on the cervical spinal
cord at the C4/C5 level. A 2D T2∗ weighted spoiled gradient echo
sequence (Multiple EchoData ImageCombination, MEDIC) was
used to acquire images with hyperintense CSF and blood vessels,
and hypointense nerves. This sequence is one of the clinical
sequences for cervical protocol. Imaging parameters were: TR =

587ms, TE = 17ms, flip angle = 30◦, in-plane resolution = 0.5
× 0.5 mm2, slice thickness= 3mm, scanning time= 3min.

The fourth and final experiment was for imaging the lumbar
spinal nerves at L3/L4 level. A regular T2W-TSE sequence was
used with the following imaging parameters: TR = 5,490ms,
TE = 87ms, in-plane resolution = 0.6 × 0.6 mm2, slice
thickness = 4mm, scanning time = 2min. This sequence, with
sub-millimeter in-plane resolution, provided high nerve-to-CSF
contrast. The 12 pairs of cranial nerves and spinal nerves were
labeled by experienced neuroradiologist on images from the first,
third and fourth experiments.

RESULTS

All MRI data were first visually evaluated to label nerves and
vessels on representative images. Representative images of the
first experiment are shown in Figures 1, 2. Images in Figure 3 are
from the third and fourth experiments. The results of the second
experiment are shown in Figure 4.

The CNS Neuro-Communication Channels

Are Surrounded With CSF
The CNS neuro-communication channels consist of 12 pairs of
cranial nerves and 31 pairs of spinal nerves. Images from the first
experiment were used to visualize all 12 pairs of the cranial nerves
(Figures 1, 2). As illustrated, the cranial nerves were hypointense,
while the peri-neural spaces surrounding the cranial nerves were
hyperintense, indicating the presence of CSF within these spaces.
We qualitatively observed that the peri-neural spaces had a
slightly higher signal intensity than other CSF compartments.
This is consistent with an array of previous studies which has
already taken a closer look at the peri-neural spaces and its fluid
contents, indicating that the peri-neural spaces are filled with a
mixture of CSF and interstitial fluid (ISF) (24, 26–29, 42–51).

Figure 1A shows an axial view of a pair of hypointense CN
I, encased in hyperintense CSF-filled perineural space, on either
side of a boney projection inferior to the frontal lobe, the crista
galli. The mean diameter for CN I was 4.3(±0.8) mm and
the mean total diameter (CN I + corresponding peri-neural
space) was 6.0(±0.6) mm, with a diameter ratio (CN I diameter
over total diameter) of 0.7 (Table 1). Figure 1B shows an axial
view of a pair of hypointense optic nerves (CN II), encased
in hyperintense CSF-filled perineural space, emerging from the
optic chiasm. The mean diameter for CN II was 3.2(±0.5) mm
and the mean total diameter (CN II + corresponding peri-
neural space) was 5.0(±0.5) mm, with a diameter ratio (CN
II diameter over total diameter) of 0.6 (Table 1). Figure 1C
shows an axial view of a pair of hypointense oculomotor nerves
(CN III), surrounded with hyperintense CSF-filled perineural
space, emerging from the midbrain. The mean diameter for CN

III was 1.9(±0.5) mm and the mean total diameter (CN III
+ corresponding peri-neural space) was 2.6(±0.4) mm, with
a diameter ratio (CN III diameter over total diameter) of 0.7
(Table 1). Figures 1D,E show axial views of a pair of hypointense
trochlear nerves (CN IV), surrounded with hyperintense CSF-
filled perineural space, emerging from the midbrain. The mean
diameter for CN IV was 0.9(±0.3) mm and the mean total
diameter (CN IV + corresponding peri-neural space) was
1.4(±0.5) mm, with a diameter ratio (CN IV diameter over
total diameter) of 0.6 (Table 1). Figure 1F shows an axial view
of a pair of hypointense trigeminal nerves (CN V), encased
in hyperintense CSF-filled perineural space, emerging from the
pons. The mean diameter for CN V was 4.6(±0.4) mm and the
mean total diameter (CN V + corresponding peri-neural space)
was 5.7(±0.4) mm, with a diameter ratio (CN V diameter over
total diameter) of 0.8 (Table 1).

Figure 2A shows an axial view of a pair of hypointense
abducens nerves (CN VI), surrounded with hyperintense CSF-
filled perineural space, emerging from the pons. The mean
diameter for CN VI was 1.1(±0.1) mm and the mean total
diameter (CN VI + corresponding peri-neural space) was
1.9(±0.2) mm, with a diameter ratio (CN VI diameter over
total diameter) of 0.6 (Table 1). Figure 2B shows an axial view
of a pair of hypointense facial nerves (CN VII), surrounded
with hyperintense CSF-filled perineural space, emerging from
the pons. The mean diameter for CN VII was 1.0(±0.2) mm
and the mean total diameter (CN VII + corresponding peri-
neural space) was 1.6(±0.1) mm, with a diameter ratio (CN VII
diameter over total diameter) of 0.6 (Table 1). Figure 2C shows
an axial view of a pair of hypointense vestibulocochlear nerves
(CN VIII), surrounded with hyperintense CSF-filled perineural
space, emerging from the pons. The mean diameter for CN
VIII was 1.1(±0.3) mm and the mean total diameter (CN VIII
+ corresponding peri-neural space) was 1.7(±0.2) mm, with a
diameter ratio (CN VIII diameter over total diameter) of 0.6
(Table 1). Figure 2D shows an axial view of a pair of hypointense
glossopharyngeal nerves (CN IX), surrounded with hyperintense
CSF-filled perineural space, emerging from the medulla. The
mean diameter for CN IX was 1.2(±0.1) mm and the mean
total diameter (CN IX + corresponding peri-neural space) was
1.9(±0.3) mm, with a diameter ratio (CN IX diameter over total
diameter) of 0.6 (Table 1). Figure 2E shows an axial view of a pair
of hypointense vagus nerves (CN X), encased in hyperintense
CSF-filled perineural space, emerging from the medulla. The
mean diameter for CN X was 1.4(±0.2) mm and the mean
total diameter (CN X + corresponding peri-neural space) was
1.9(±0.3) mm, with a diameter ratio (CN X diameter over
total diameter) of 0.7 (Table 1). Figure 2F shows an axial view
of a pair of hypointense accessory nerves (CN IX), encased
in hyperintense CSF-filled perineural space, emerging from the
medulla. The mean diameter for CN XI was 1.1(±0.1) mm and
the mean total diameter (CN XI + corresponding peri-neural
space) was 1.7(±0.2) mm, with a diameter ratio (CN XI diameter
over total diameter) of 0.6 (Table 1). Figures 2G,H show axial
views of a pair of hypointense hypoglossal nerves (CN XII),
encased in hyperintense CSF-filled perineural space, emerging
from the medulla. The mean diameter for CN XII was 0.9(±0.2)
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FIGURE 1 | CSF-filled peri-neural spaces surrounding the first five cranial nerves (CN I-CN V). (A) Olfactory nerves (CN I), (two original images, two corresponding

magnified images and measurement location); (B) Optic nerves (CN II) (two original images, two corresponding magnified images and measurement location); (C)

Oculomotor nerves (CN III) (two original images, two corresponding magnified images and measurement location); (D) Right trochlear nerve (CN IV) (two original

images, two corresponding magnified images and measurement location); (E) Left CN IV (two original images, two corresponding magnified images and

measurement location); and (F) Trigeminal nerves (CN V) (two original images, two corresponding magnified images and measurement location). Space within the

yellow lines: respective nerve (hypointense signal). Space between the red and yellow lines: peri-neural space (hyperintense signal). Space between the blue lines: CN

V (hypointense signal). White line: measurement location. All images were generated from the first experiment as described in the method section.
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FIGURE 2 | CSF-filled peri-neural spaces surrounding the cranial nerves 6–12 (CN VI-CN XII). (A) Abducens nerves (CN VI) (two original images, two corresponding

magnified images and measurement location); (B) Facial nerves (CN VII) (two original images, two corresponding magnified images and measurement location); (C)

Vestibulocochlear nerves (CN VIII) (two original images, two corresponding magnified images and measurement location); (D) Glossopharyngeal nerves (CN IX) (two

(Continued)
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FIGURE 2 | original images, two corresponding magnified images and measurement location); (E) Vagus nerves (CN X) (two original images, two corresponding

magnified images and measurement location); (F) Accessory nerves (CN IX) (two original images, two corresponding magnified images and measurement location);

(G) Right hypoglossal nerve (CN XII) (two original images, two corresponding magnified images and measurement location); and (H) Left CN XII (two original images,

two corresponding magnified images and measurement location). Space between the red and yellow lines: peri-neural space (hyperintense signal). White line: location

to measure the diameters of cranial nerves and corresponding peri-neural spaces. All images were generated from the first experiment as described in the method

section.

FIGURE 3 | CSF-filled peri-neural spaces surrounding spinal nerves. (A) Cervical spinal nerves (brachial plexus). Cervical nerves four are pointed with red arrows

(hypointense signal), and the space surrounding the nerves is the CSF-filled peri-neural space (hyperintense signal). Multiple lymph nodes are detected from MRI

(white arrowhead). (B) Lumbar spinal nerves (red arrows, hypointense signal) surrounded with CSF-filled peri-neural space (hyperintense signal). Images were

generated from the third and the fourth experiments as described in the method section.

mm and the mean total diameter (CN XII+ corresponding peri-
neural space) was 1.3(±0.1) mm, with a diameter ratio (CN XII
diameter over total diameter) of 0.7 (Table 1).

The spinal nerves were visualized on the images from the third
and fourth experiments (Figure 3). Similarly, the spinal nerves
were hypointense, while the peri-neural spaces surrounding
the spinal nerves were hyperintense, indicating the presence of
CSF. Figure 3A shows an axial view of a pair of hypointense
cervical spinal nerves emerging from the spinal cord at the level
of C4/C5, surrounded with hyperintense CSF-filled perineural
space. Figure 3B shows an axial view of a pair of hypointense
lumbar spinal nerves emerging from the spinal cord at the level
of L3/L4, encased in hyperintense CSF-filled perineural space.

The CNS Vascular-Communication

Channels Are Surrounded With CSF
The high-resolution (in the order of 100µm) sT2W (Figure 4A,
bright CSF and dark blood) and T1W (Figure 4B, bright blood
and dark CSF) derived from STAGE imaging demonstrated
that all MRI-visible vasculature were surrounded with
CSF. By comparing these two images, we found that all
MRI-visible vasculature were indeed surrounded by CSF.
Moreover, in order to further confirm these findings, we
used a T2W-TSE image acquired with a very long echo

time (TE = 345ms at 3T) to generate “pure” CSF images,
with bright CSF and dark blood (Figures 4C,D). Once
again, all MRI-visible vasculature were indeed surrounded
with CSF.

DISCUSSION

To our knowledge, this is the first study to simultaneously
and systematically verify that all 12 pairs of cranial nerves,
all MRI-visible vasculature and spinal nerves are surrounded
with CSF in vivo in humans; as opposed to previous studies
that have asynchronously investigated this, mainly in animals
and human cadavers. Our findings indicate that all brain
parenchyma and spinal cord communication channels, both
neuro- and vascular-communication channels, are encased
in CSF. The diameter ratios, nerve diameter over total
diameter (nerve diameter + corresponding peri-neural space),
ranged from 0.6–0.8. It logically follows that CSF must
play a critical role in substance exchange between the brain
parenchyma/spinal cord and its communication channels as well
as its surrounding environment/tissue—a role that has been
historically underestimated and understudied. Our findings are
consistent with previous literature that have asynchronously
investigated CSF-filled peri-neural spaces, mostly in the context
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FIGURE 4 | Illustration showing that all MRI-visible vasculature were surrounded by CSF. (A) sT2W image with bright CSF and dark blood; (B) T1W with bright blood

signal but dark CSF signal; (C) CSF-only images, acquired by T2-TSE sequence with TE = 345ms at 3T; (D) a 3D rendering of the CSF-only images. (A) and (B) were

results from the high-resolution STAGE scans. The enlarged image in (C) shows several MRI-visible vasculature (dark curves) surrounded by bright CSF. Images were

generated from the second experiment as described in the method section.

of CWC lymphatic-associated CSF outflow pathways, as well as
peri-vascular spaces (2, 7, 8, 52, 53).

Our findings indicated that CN I is surrounded with a
CSF-filled peri-neural space, with a diameter ratio of 0.7.
This is consistent with several studies that have focused on
investigating the peri-neural spaces surrounding CN I. In 1958,
Svane-Knudsen et al. observed that an iron solution injected
in the CSF of guinea pigs made its way to the peri-neural
spaces of CN I and the nasal interstitium (43). Bradbury et al.
found that a radio-labeled intra-parenchymal tracer injection in
rabbits drained via peri-vascular spaces and peri-neural spaces
surrounding the CN I, allowing passage into the nasal submucosa
and lymphatics (45). Similar findings were observed in a study

conducted by Pile-Spellman et al. in cats and rabbits, where
radiolabeled colloid tracer injected in the ventricles made its
way into the nasal submucosa and eventually into the cervical
lymph nodes (46). A series of experiments conducted byMollanji
et al. identified the peri-neural spaces surrounding CNI as a
major lymphatic-associated CSF outflow pathway in sheep; and
demonstrated that blockage of the cribriform plate increased
intracranial pressure and CSF outflow resistance, and decreased
CSF transport (48–50). Moreover, in a series of experiments
conducted by Johnston et al. in sheep, pigs, rabbits, mice, rats,
monkeys and human cadavers, demonstrated that a silicone
compound CSF tracer made its way into an extensive network of
lymphatic vessels present in the nasal submucosa via peri-neural
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TABLE 1 | Diameter measurements and diameter ratios for all 12 cranial nerves.

Cranial

nerve

Nerve diameter, mm

mean(±SE)

Total diameter (nerve

+ corresponding

peri-neural space),

mm

mean(±SE)

Ratio (nerve

diameter over

total diameter)

CN 1 4.3(±0.8) 6.0(±0.6) 0.7

CN II 3.2(±0.5) 5.0(±0.5) 0.6

CN III 1.9(±0.5) 2.6(±0.4) 0.7

CN IV 0.9(±0.3) 1.4(±0.5) 0.6

CN V 4.6(±0.4) 5.7(±0.4) 0.8

CN VI 1.1(±0.1) 1.9(±0.2) 0.6

CN VII 1.0(±0.2) 1.6(±0.1) 0.6

CN VIII 1.1(±0.3) 1.7(±0.2) 0.6

CN IX 1.2(±0.1) 1.9(±0.3) 0.6

CN X 1.4(±0.2) 1.9(±0.3) 0.7

CN XI 1.1(±0.1) 1.7(±0.2) 0.6

CN XII 0.9(±0.2) 1.3(±0.1) 0.7

Measurement locations are indicated in Figures 1, 2. We have reported the diameters

as mean(±SE), as well as a diameter ratio of the nerve diameter over the total diameter

(nerve diameter + corresponding peri-neural space diameter), for all 12 cranial nerves in

five healthy human volunteers.

spaces surrounding CN I (28). More recent studies have been
consistently confirming these findings (24, 29, 51). Furthermore,
and interestingly, Czerniawska et al. found evidence of retrograde
transport of a gold tracer injected in rabbit nasal mucosa back
into the CSF (44). However, to the best of our knowledge, none
of these studies have reported a quantitative diameter ratio for
CN I.

Our findings also indicated that, in addition to CN I, the
other 11 cranial nerves are also surrounded with CSF-filled peri-
neural spaces, with diameter ratios ranging from 0.6–0.8. The
peri-neural spaces of other cranial nerves have been studied to
a lesser extent. In 1972, Arnold et al., using mice, rats, guinea pigs
and rabbits, reported that the peri-neural spaces along CNV III
played a role in CSF drainage into the perilymphatic spaces of the
inner ear, following ink and thorotrast CSF cisterna magna tracer
injection. Moreover, Kida et al. observed CSF tracer deposition
along the peri-neural spaces of CN II, in addition to CN I and
CN III, following an injection of india ink CSF cisterna magna
tracer in rats (26). Similar findings (for CN I, CN II and CNV III)
were observed in an experiment conducted by Boulton et al. in
sheep injected with radiolabeled CSF tracer (47). Furthermore,
Zakharov et al. identified the peri-neural spaces along CN V,
CNV II, CN IX, CN X, CN XII and spinal nerves as contributors
to the lymphatic-associated CSF outflow pathway in sheep,
following a silicone compound CSF cisterna magna injection
(27). A couple of other studies have also identified the spinal
nerves as contributors to the lymphatic-associated CSF outflow
pathway (29, 42). More recently, Ma et al. identified the peri-
neural spaces along CN XI, in addition to CN I, CN II, CN V, CN
VII, CN IX andCNX, as contributors to the lymphatic-associated
CSF outflow pathway in rats, following a near-infrared CSF
lateral ventricle injection (24). To our knowledge, the peri-neural

spaces along the CN III, the CN IV and CN VI have not been
previously identified as CSF-filled and potentially contributing
to lymphatic-associated CSF outflow pathways. Moreover, to
our knowledge, none of these previous studies have reported
quantitative diameter ratios for the cranial nerves. Unlike
the diameter ratios of peri-vascular spaces, which have been
previously reported mainly in animal studies (8), the diameter
ratios of peri-neural spaces have simply passed under the radar.
The utility of these diameter ratios can be investigated in
neurodegenerative diseases such as Alzheimer’s disease. In other
words, future studies can focus on investigating the association
between these diameter ratio changes and neurodegenerative
diseases; since enlarged peri-vascular spaces have been reported
with neurodegenerative diseases (17, 54, 55).

Our findings drive home the point that CSF lays between
every cranial/spinal nerve and its surroundings (i.e., brain
parenchyma and/or peripheral lymphatics), in the peri-neural
spaces. Therefore, CSF must play a critical role in regulating
the communication between the cranial nerves and their
surroundings. One such type of communication regulation is
with the lymphatic system. In fact, the interaction of CSF with the
lymphatic system is only beginning to be understood. There is a
growing body of evidence to suggest that CSF tracer eventually
makes it into the deep cervical lymph nodes (24, 36, 37).
Historically, the CNS is considered an immune-privileged site
and therefore it was believed that antigens in the CNS did
not communicate with the immune system (56–58). However,
about 14–47% of radiolabeled tracers make their way into the
lymphatic system, following CSF or intra-parenchymal injections
(59). Therefore, antigens are transported to the immune
system and can induce an immune response (56–58). Louveau
et al. further demonstrated a decrease in the inflammatory
response of brain-reactive T cells in a multiple sclerosis mouse
model, following meningeal lymphatic vessel ablation (37).
Anatomically-speaking, there is no direct interaction between
the lymphatic system and CNS, and any interaction can only be
accomplished through the CSF. Therefore, this begs the question
of the role of CSF in immunomodulation, and together with our
findings, the magnitude of this role.

Our findings also drive home the point that all MRI-visible
vasculature is surrounded with CSF-filled peri-vascular spaces.
Therefore, CSF must play a critical role in regulating the
communication between the blood and the brain parenchyma, as
well as CWC at large. In 1985, Rennels et al. introduced the idea
of a fluid circulation system throughout the CNS via peri-vascular
spaces (7). But it was not until 2012 that Iliff et al. solidified our
understanding of this CSF circulation system via peri-vascular
spaces within the brain parenchyma (labeled the glymphatic
pathway); and demonstrated its critical role in amyloid beta
(Aβ) clearance (8). Further investigations have indicated that
the diameter ratios between the peri-arterial spaces and their
corresponding arterial vessels are larger than the diameter ratios
between the peri-venous spaces and their corresponding venous
spaces (60). Asmentioned earlier, dysfunctions of this glymphatic
pathway have been associated with a broad range of neurological
diseases including, but not limited to, Alzheimer’s disease,
stroke, traumatic brain injury, multiple sclerosis, diabetes, and
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chronic traumatic encephalopathy; begging the question of
its involvement in virtually all neurodegenerative diseases (8–
10, 12, 14, 16–19). Therefore, disruptions to CWC can either
initiate or/and aggravate the pathophysiology of an array of
neurological diseases.

Starting 6 years ago, gadolinium-based contrast agent (GCA)
residual deposition in the brain parenchyma with chronic
administration has been documented (61, 62). GCA is a widely
used contrast agent in clinical MRI. It does not cross the
BBB and is renally eliminated from the human body; and
thus, considered safe for clinical use. Therefore, the residual
deposition of IV-administered GCA in individuals with an
intact BBB and normal renal function raised a lot of questions.
How does the IV-administered GCA enter and deposit in
the brain parenchyma? Currently, the mainstream theory is
through the CSF via the glymphatic pathway. Based on several
studies, it is hypothesized that the IV-administered GCA enters
the CSF compartment through the choroid plexus, cranial
nerve endings and/or peri-vascular spaces surrounding vessels;
from here it re-circulates and enters the brain parenchyma
via peri-arterial routes—a portion gets deposited in the brain
parenchyma, while the remaining portion gets carried away
via peri-venous routes, eventually draining into the lymphatics
(63–66). CSF involvement was further confirmed by Öner
et al. in a study investigating individuals with chronic intra-
thecal administration of GCA who had never undergone IV-
administration of GCA; similar GCA deposition patterns were
observed (67). GCA deposition via CSF is an example of how
CSF-filled peri-vascular and peri-neural spaces play a critical
and major role in substance deposition and re-circulation. Long-
term effects of GCA deposition are unknown and require
further investigation.

There are several major strengths to our study. First, to
our knowledge, it is the first study to systematically and
simultaneously verify that CSF surrounds all cranial (including
CN III, CN IV and CN VI which have not been previously
investigated), all MRI-visible vasculature and spinal nerves.
Second, our study was performed in vivo in humans. Third, our
study utilized MRI which is minimally invasive and therefore
caused minimal disruption to the biological system. In the past,
mostMRI studies of the peri-neural and peri-vascular spaces have
been mainly conducted in animals (64, 68).

On the other hand, the major limitation of our study is
that we did not investigate the underlying mechanisms of how
CSF made it into or out of these peri-vascular and peri-neural
spaces. Although this has been a topic-of-interest as of late, and
several strides have been made to address this topic, the latest
of which has been the establishment of the glymphatic pathway,
the CSF effluxmechanisms remain unclear. One current question
of interest is: “What is the underlying pathway/mechanism by
which CSF drains into the meningeal lymphatics, and how is
this pathway/mechanism related to CSF-filled peri-vascular and
peri-neural spaces?” Another major limitation is that we did
not investigate if and how CSF communicates with the CNS
neuro- and vascular-communication channels themselves (i.e.,
the vasculature and nerves that it surrounds), nor a quantitative
morphometric measurement of the arterial and venous blood

vessels and their corresponding peri-vascular spaces. There is
growing evidence to suggest that CSF in peri-vascular spaces
might be involved in the direct transport of cerebral waste
into the parenchymal vasculature, perhaps through transcellular
mechanisms (29, 69, 70). However, given the pathophysiological
variations, the systematic measurement of blood vessels and
their corresponding peri-vascular space across multiple regions
of the brain are complex and also warrant further investigation.
Another major limitation is our small sample size of healthy
human volunteers. Therefore, future investigations with larger
sample sizes are warranted; perhaps even these investigations
should be extended to beyond healthy individuals, i.e., patients
with neurogenerative diseases such as Alzheimer’s disease.
Finally, the measured size of cranial nerves and their relative
perineural spaces may suffer from partial volume effects which
is a common issue with MRI.

In conclusion, our findings indicate that all CNS neuro-
and vascular-communication channels are surrounded with
CSF. In other words, all peri-neural spaces surrounding
the cranial and spinal nerves as well as all peri-vascular
spaces surrounding MRI-visible vasculature were filled
with CSF. These findings highlight the extent to which
CSF infiltrates the parenchyma and its importance,
therefore, warranting further investigation into its
potential implications.
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Cerebral small vessel disease (SVD) refers to a heterogeneous group of pathological

processes that result from damage to the small penetrating vessels in the brain. Spatial

navigation, one of the most fundamental behaviors, has lately attracted considerable

clinical interest. This study aimed to determine whether spatial navigation performance

is impaired in elderly SVD patients. In total, 18 elderly patients with severe SVD, 40

elderly patients with non-severe SVD, and 41 age-matched healthy volunteers were

classified according to the Fazekas scale. Spatial navigation was evaluated by Amunet

(a computer-based analogy of Morris water maze software), and a mini-mental scale

evaluation (MMSE), animal category verbal fluency test (VFT), clock drawing test (CDT),

and trail making test (TMT) -B were also applied. Compared to healthy controls, severe

SVD, rather than non-severe SVD patients, exhibited significantly worse performance

on “allocentric + egocentric” (41.74 ± 29.10 vs. 31.50 ± 16.47 vs. 29.21 ± 19.03;

p = 0.031). Furthermore, the different abilities of spatial navigation among groups

reached a statistical level on allocentric subtests (46.93 ± 31.27 vs. 43.69 ± 23.95

vs. 28.56 ± 16.38; p = 0.003), but not on egocentric subtest (56.16 ± 39.85 vs.

56.00 ± 28.81 vs. 43.06 ± 25.07; p = 0.105). The linear regression analysis revealed

that allocentric navigation deficit was significantly correlated with TMT-B (p = 0.000,

standardized β = 0.342) and VFT (p = 0.016, standardized β = −0.873) performance

in elderly SVD patients. These results elucidated that spatial navigation ability could be a

manifestation of cognitive deficits in elderly patients with SVD.

Keywords: aging, cognitive function, spatial navigation, executive function, small vessel disease

INTRODUCTION

Spatial navigation is the process that determines andmaintains a trajectory between different points
within local environments (1). The success of the navigation process can be influenced by two
codependent strategies: egocentric and allocentric navigation strategies (2). The former requires the
moving agent to visualize and gauge self-to-object relationships from a body-centered viewpoint,
while the latter requires the agent to visualize and map out object-to-object relationships from
a disembodied or environment-centered viewpoint (3). Previous functional and structural MRI
findings revealed that egocentric navigation might be related to occipital and parietal place area
(1), whereas allocentric navigation might be associated more with the hippocampal and prefrontal
region (3). Empirically, patients suffering from different types of brain lesions tend to have worse
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spatial navigation performance. For example, elderly patients
with mild cognitive impairment (MCI) and Alzheimer’s disease
(AD) have a high risk of getting lost behavior (4). Nowadays,
several studies have reported that spatial navigation could be
modified into a sensitive tool for the preclinical screening of
Alzheimer’s disease (AD) and dementia (5).

Cerebral small vessel disease (SVD) is a syndrome that
involves diseases of the small vessels in the brain, such as white
matter hyperintensity lesions, Lacunar Infarctions (LI), etc (6).
SVD has received increasing attention in cerebrovascular practice
because it is a major cause of vascular dementia and cognitive
impairment. The disruption of crucial subcortical connections
in the frontal and other lobes, as well as basal ganglia area,
following multiple pathophysiological changes such as chronic
hypoperfusion, impaired cerebrovascular reactivity, and blood–
brain barrier (BBB) leakage, is the core mechanism through
which SVD affects cognition (7, 8). As distinguishable from the
primary pathological features (cognitive dysfunction) of AD,
SVD patients often showed impairments in attention, episodic
memory, naming, mental flexibility, and psychomotor speed (6).
Although some researchers found that LI was associated with
spatial navigation deficits (9), whether the patients with white
matter hyperintensities (one of the imaging markers of SVD in
MRI) showed spatial navigation abnormalities is still unclear.
Besides, we have hypothesized whether the spatial navigation
disability in SVD patients was associated with a certain aspect
of cognitive decline. In this study, we sought to identify the
spatial navigation characteristics of SVD patients by using both
egocentric and allocentric strategies and the changes in cognitive
function in elderly patients with varying degrees of SVD.

METHODS

Subjects
From June 1, 2019, to December 31, 2019, a total of 18 and
40 elderly patients with high (severe group) and low (non-
severe group) SVD burden, respectively, and 41 age-matched
healthy volunteers (control group) were enrolled into this
study. All subjects provided written informed consent, and
the study protocol was approved by the ethics committee of
the Seventh Medical Center of PLA General Hospital. After
screening by a 3-Tesla MRI scanner, they were classified based
on the Fazekas scale as shown in Supplementary Material 1.
The severity of white matter hyperintensities was ranked as
follows: grade 0 (no lesion), grade 1 (punctate lesion), grade
2 (early confluent lesion), and grade 3 (confluent lesion).
According to the Fazekas scale, the severe group, non-severe
group, and control group were defined as grade 2–3, grade 1,
and grade 0, respectively. All participants were right-handed,
at least 65 years old, and had ordinary visual acuity and
other visual capacities. Patients were excluded from the study
if they had an intracerebral hemorrhage, major psychiatric
disorders, non-vascular dementia, multisystem diseases, taken
psychotropic drugs, MRI contraindication, and other causes of
leukoencephalopathy (e.g., demyelination, genetic, and immune
factors). Basic demographic data, such as age, gender, identity,
and educational status, were collected from all participants.

Neuropsychological Assessment
All subjects were asked to complete a series of neuropsychological
tests, including clock drawing test (CDT; reflecting visuospatial
function), mini-mental scale evaluation (MMSE; reflecting global
cognitive level), trail making test (TMT-B; reflecting cognitive
flexibility), and category verbal fluency test (VFT; reflecting
semantic memory).

Spatial Navigation Tests
The Amunet test (a computer-based analogy of Morris water
maze software, NeuroScios GmbH, Austria) was used to evaluate
the impairment of spatial navigation, which involves both
egocentric and allocentric spatial reference systems (9). For the
egocentric subtest, subjects were required to navigate a target goal
by using the starting position, in the absence of distal orientation
cues. For the allocentric subtest, subjects could orientate in a
virtual environment using two distal cues, where the starting
position was not related to the goal position. In addition, the
“allocentric+ egocentric” subtest was conducted, which involved
the navigation of the goal using both starting position and
distal orientation cues (10). Eight trials from each subtest were
then used to average the index. Spatial navigational ability was
evaluated by measuring the distance between the participants’
choice and the correct goal location, which could also be applied
as a measure of navigational accuracy.

Statistical Analysis
The statistical differences in demographic characteristics, CDT,
MMSE, TMT-B, VFT, and spatial navigation ability (e.g.,
“allocentric + egocentric” subtest, egocentric subtest, and
allocentric subtest) between the three groups were compared
using analysis of variance (ANOVA), with adjustment for age
and educational level as covariates. Further comparison of the
adjusted means was carried out using a least-squares difference
(LSD) test if necessary. A linear regression model (after adjusting
for age, sex, and educational level) was used to determine the
relationship between spatial navigation impairment and each
domain of the cognitive function. All results were presented
as mean ± standard deviation, and a p-value of less than 0.05
was deemed statistically significant. All statistical tests were
conducted using the statistical software package SPSS version
22.0 (IBM Corp., Armonk, New York, USA).

RESULTS

There were no significant differences among severe SVD, non-
severe SVD, and control groups with regards to age, gender, and
education level. The MMSE score was decreased in the severe
SVD group (24.89 ± 5.70) compared to non-severe SVD and
control groups (26.88± 3.55 and 27.28± 2.04, respectively), but
no statistically significant difference was observed (p = 0.133).
Similarly, the VFT (16.34 ± 6.00 vs. 16.10 ± 7.28 vs. 14.06 ±

6.98) and CDT (9.78± 1.39 vs. 9.70± 1.58 vs. 8.83± 1.66) scores
were also not significantly different among the three groups (p=
0.462 and p = 0.076, respectively). On the contrary, the TMT-B
score was significantly lower (89.30 ± 28.98 seconds; p = 0.035)
in the severe SVD group compared to the non-severe and control
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TABLE 1 | Clinical and demographic characteristics and index of spatial navigation performance of the participants.

Severe SVD individuals (N = 18) Non-severe SVD (N = 40) Healthy (N = 41) P value

Men, % 55.56% 72.50% 78.05% 0.213

Age, years 71.28 (7.82) 70.75 (7.78) 73.76 (6.77) 0.169

Education, years 12.67 (3.66) 13.05 (3.25) 12.75 (3.55) 0.898

MMSE, score 24.89 (5.71) 26.88 (3.55) 27.24 (4.19) 0.147

VFT, words 14.06 (6.98) 16.10 (7.28) 16.34 (6.01) 0.462

CDT, score 8.83 (1.65) 9.70 (1.59) 9.78 (1.39) 0.076

TMT-B, seconds 65.70 (18.97) 74.00 (20.47) 89.30 (28.98) 0.035*#

Allocentric+egocentric navigation 41.74 (29.10) 31.50 (16.47) 29.21 (19.03) 0.003#&

Egocentric navigation 56.16 (39.85) 56.00 (28.82) 43.06 (25.07) 0.105

Allocentric navigation 46.93 (31.27) 43.69 (23.95) 28.56 (16.38) 0.031#

Mean (Standard Deviation). *P < 0.05 severe SVD relative to non-severe SVD. #P < 0.05 severe SVD relative to healthy individuals. &P < 0.05 non-severe SVD relative to

healthy individuals.

groups (74.00 ± 20.47 seconds and 65.70 ± 18.97 seconds).
Further details were in Table 1.

During the allocentric+egocentric subtest, the subjects in
severe SVD (41.74 ± 29.10), rather than non-severe SVD (31.50
± 16.47) groups, performed worse than those in the control
group (29.21 ± 19.03; p = 0.031). For the egocentric subtest,
the performances among the three groups were not significantly
different (56.16 ± 39.85 vs. 56.00 ± 28.81 vs. 43.06 ± 25.07; p =
0.105). However, for the allocentric subtest, neither the subjects
in the severe SVD group (46.93 ± 31.27; p = 0.004) nor the
subjects in the non-severe SVD group (43.69± 23.95; p= 0.005)
performed as well as healthy individuals (28.56 ± 16.38). These
details are shown in Table 1.

Furthermore, the relationship between cognitive task score
and spatial navigation ability of elderly SVD patients was
determined using linear regression analysis. After adjusting for
age, gender, and education level, the average total error in the
allocentric subtest was positively associated with TMT-B (p =

0.000, standardized β = 0.342), and negatively associated with
VFT (p= 0.016, standardized β=−0.873). However, the average
total errors in “allocentric + egocentric” and egocentric subtests
were not significantly associated with the performance indices of
neuropsychological tests conducted in this study. More details
can be found in Table 2.

DISCUSSION

In this work, the spatial navigation performance of SVD
patients was shown to be poorer compared to healthy
individuals, as reflected in “allocentric + egocentric”
(for severe SVD patients only) and allocentric (for both
severe and non-severe SVD patients) subtests, rather than
egocentric subtest. Moreover, elderly patients with SVD
exhibited cognitive deficits, such as mental flexibility, in
comparison with healthy controls. Besides, the spatial
navigation ability of elderly SVD patients during the

allocentric subtest was associated with TMT-B and VFT
performance. However, similar trends were not observed
in these patients during “allocentric + egocentric” and
egocentric subtests.

Spatial navigation is an essential human behavior that
involves a multitude of cognitive processes interacting with
one another (11). This kind of brand-new assessment is
becoming more and more popular in clinical researches
because it has fewer cultural, educational, and verbal biases
compared to the existing cognitive tests (1). Different aspects
of spatial navigation abnormalities have been reported in
patients with neuropsychiatric disorders, including AD,
persistent postural perceptual dizziness, traumatic brain
injury, etc (5, 12, 13). Our results indicated that elderly
patients with severe SVD exhibited poorer spatial navigation
in both allocentric+egocentric subtest and allocentric subtest
compared to healthy elderly subjects, indicating that severe
SVD patients may encounter the problem of wayfinding in their
daily life.

Although both allocentric and egocentric navigation strategies

can be combined to attain optimum cognitive functioning,
several studies (9, 14, 15) reported that a specific aspect

of spatial navigation strategy dysfunction might imply the
underlying pathophysiological processes. For example, autism
spectrum disorder patients showed particularly difficulties in
allocentric navigation, leaving egocentric navigation intact (14);
LI patients performed worse than healthy control subjects during
egocentric subtest (9); and AD patients exhibited significant both
allocentric and egocentric navigation impairments relative to
control individuals (15). In this study, elderly patients with SVD
performed significantly worse on allocentric and “allocentric+
egocentric” subtests, rather than egocentric subtests, when
compared to healthy elderly subjects. This may be explained
by the fact that disease burden disproportionately affects the
network between the prefrontal cortex, hippocampus, and
retrosplenial cortex (3, 16).
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TABLE 2 | Association between the index of spatial navigation performance and neuropsychological assessment data in aged SVD patients.

Allocentric + egocentric navigation Egocentric navigation Allocentric navigation

Standardized β value P value Standardized β value P value Standardized β value P value

VFT, words

Model 1 −0.386 0.254# −0.342 0.504 −0.869 0.015*

Model 2 −0.394 0.244# −0.386 0.433 −0.873 0.016*

CDT, score

Model 1 −1.063 0.464 −0.465 0.833 0.412 0.785

Model 2 −1.129 0.435 −0.688 0.745 0.419 0.784

TMT-B, seconds

Model 1 0.042 0.585 0.277 0.021 0.335 0.000#

Model 2 0.019 0.809 0.224 0.057 0.342 0.000#

Data are standardized β values, except for P value. Model 1 represents the relation between the index of spatial navigation performance and neuropsychological assessment data without

adjustment; Model 2 represents the relation between the index of spatial navigation performance and neuropsychological assessment data adjusted for age, gender and education.
*P < 0.05, #P < 0.01.

The relationship between spatial navigation and cognitive
impairment has been explored recently. Laczo et al. (17)
found that spatial navigation was not, or marginally, associated
with most cognitive functions (attention, working memory,
executive functions, verbal memory, and language learning) in
mild cognitive impairment patients and healthy individuals.
On the contrary, Brown et al. (18) proposed a significant
association between spatial navigation, episodic memory, and
executive functions. In the present study, we found a close
relationship between allocentric spatial navigation and executive
function/cognitive flexibility as well as semantic memory.
However, similar trends were not observed for “allocentric +

egocentric” or egocentric spatial navigation. The discrepancy
between these studies could be explained by the distinct choice
of cognitive assessment and distinct groups of individuals
recruited. For example, Parizkova et al. (19) discovered
that patients suffering from AD preferred more obviously
egocentric strategies to allocentric strategies relative to healthy
controls. Our findings illustrated that allocentric navigation
strategy and executive function/cognitive flexibility might share
the same functional brain area in aged SVD patients and
the elderly.

Several limitations of this study need to be pointed out.
First, the sample size was not large. Second, there is a lack
of comprehensive assessment protocol, especially for Trail
Making Test-A, as spatial navigation can potentially be affected
by poor attention, cognitive flexibility, and psychomotor
speed. Therefore, future research should encompass more
study subjects and neuropsychological tests to address
these shortcomings.

In summary, SVD patients showed spatial navigation
deficits, especially on the allocentric navigation subtest. The
allocentric navigation impairment was associated with TMT-
B and VFT, rather than CDT performance, which are
representations of cognitive flexibility and semantic memory,
respectively. Furthermore, spatial navigation might serve as a
promising tool to reflect a cognitive decline in elderly patients
with SVD.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Seventh Medical Center
of PLA General Hospital. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

YH and HT carried out the study concept and design. LC and HZ
handled the acquisition of data. YZ carried out the analysis and
interpretation of data. LC and HZ performed the drafting of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the Wu Jieping Foundation (Grant
No. 320.6750.18456) and Foundation CJ17J01.

ACKNOWLEDGMENTS

We thank Ph.D. Manfred Windisch and colleagues from
NeuroScios GmbH for the supply of software and method
assistance. We have cited them in references 6 and 13. We also
thank Ms. Qiuju Bai for her technical support. We would like to
express their gratitude to EditSprings (https://www.editsprings.
com/) for the expert linguistic services provided.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.608797/full#supplementary-material

Frontiers in Neurology | www.frontiersin.org 4 September 2021 | Volume 12 | Article 608797147

https://www.editsprings.com/
https://www.editsprings.com/
https://www.frontiersin.org/articles/10.3389/fneur.2021.608797/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Zhào et al. The Cerebrovascular Contribution

REFERENCES

1. Coughlan G, Laczó J, Hort J, Minihane AM, Hornberger M. Spatial navigation

deficits-overlooked cognitive marker for preclinical Alzheimer disease? Nat

Rev Neurol. (2018) 14:496–506. doi: 10.1038/s41582-018-0031-x

2. Boccia M, Nemmi F, Guariglia C. Neuropsychology of environmental

navigation in humans: review and Meta-analysis of fMRI

studies in healthy participants. Neuropsychol Rev. (2014) 24:236–

51. doi: 10.1007/s11065-014-9247-8

3. Zhong JY, Moffat SD. Extrahippocampal contributions to age-related

changes in spatial navigation ability. Front Hum Neurosci. (2018)

12:272. doi: 10.3389/fnhum.2018.00272

4. Yatawara C, Ng KP, Lim L, Chander R, Zhou J, Kandiah N.

Cerebrovascular disease is a risk for getting lost behavior in

prodromal dementia. Am J Alzheimers Dis Other Demen. (2019)

34:344–52. doi: 10.1177/1533317519852864

5. Allison SL, Rodebaugh TL, Chiharu J, Fagan AM, Morris JC, Head D.

Developing a spatial navigation screening tool sensitive to the preclinical

Alzheimer Disease Continuum. Arch Clin Neuropsychol. (2019) 34:1138–

55. doi: 10.1093/arclin/acz019

6. Zhào H, Wei W, Do EY-L, Huang Y. Assessing performance on digital Clock

Drawing Test in aged patients with cerebral small vessel disease. Front Neurol.

(2019) 10:1259. doi: 10.3389/fneur.2019.01259

7. Biesbroek JM, Weaver NA, Biessels GJ. Lesion location and

cognitive impact of cerebral small vessel disease. Clin Sci. (2017)

131:715–28. doi: 10.1042/CS20160452

8. Joutel A, Chabriat H. Pathogenesis of white matter changes in cerebral

small vessel diseases: beyond vessel-intrinsic mechanisms. Clin Sci. (2017)

131:635–51. doi: 10.1042/CS20160380

9. Wu Y, Wu W, Liu Q, He W, Ding H, Nedelska Z, et al. Presence of lacunar

infarctions is associated with the spatial navigation impairment in patients

with mild cognitive impairment: a DTI study. Oncotarget. (2016) 7:78310–

9. doi: 10.18632/oncotarget.13409

10. Laczo J, Andel R, Vyhnalek M, Vlcek K, Nedelska Z, Matoska V, et al. APOE

and spatial navigation in amnestic MCI: Results from a computer-based test.

Neuropsychol. (2014) 28:676–84. doi: 10.1037/neu0000072

11. Lester AW, Moffat SD, Wiener JM, Barnes CA, Wolbers

T. The aging navigational system. Neuron. (2017) 95:1019–

35. doi: 10.1016/j.neuron.2017.06.037

12. Skelton RW, Ross SP, Nerad L, Livingstone SA. Human spatial navigation

deficits after traumatic brain injury shown in the arena maze, a virtual Morris

water maze. Brain Inj. (2006) 20:189–203. doi: 10.1080/02699050500456410

13. Breinbauer HA, Contreras MD, Lira JP, Guevara C, Castillo L, Ruëdlinger

K, et al. Spatial navigation is distinctively impaired in persistent postural

perceptual dizziness. Front Neurol. (2020) 10:1361. doi: 10.3389/fneur.2019.0

1361

14. Ring M, Gaigg SB, Altgassen M, Barr P, Bowler DM. Allocentric versus

egocentric spatial memory in adults with autism spectrum disorder.

J Autism Dev Disord. (2018) 48:2101–11. doi: 10.1007/s10803-018-3

465-5

15. Zanco M, Plácido, J, Marinho V, Ferreira JV, de Oliveira F, Monteiro-Junior

R, et al. Spatial navigation in the elderly with Alzheimer’s Disease: a cross-

sectional study. J Alzheimer Dis. (2018) 66:1683–94. doi: 10.3233/JAD-180819

16. Irving S, Schöberl F, Pradhan C, Brendel M, Bartenstein P, Dieterich M, et al.

A novel real-space navigation paradigm reveals age- and gender-dependent

changes of navigational strategies and hippocampal activation. J Neurol.

(2018) 265:113–26. doi: 10.1007/s00415-018-8987-4

17. Laczo J, Andel R, Nedelska Z, Vyhnalek M, Vlcek K, Crutch S, et al. Exploring

the contribution of spatial navigation to cognitive functioning in older adults.

Neurobiol Aging. (2017) 51:67–70. doi: 10.1016/j.neurobiolaging.2016.12.003

18. Brown T, Chrastil ER. Editorial: spatial navigation: memory mechanisms

and executive function interactions. Front Hum Neurosci. (2019)

13:202. doi: 10.3389/fnhum.2019.00202

19. Parizkova M, Lerch O, Moffat SD, Andel R, Mazancova AF, Nedelska Z, et al.

The effect of Alzheimer’s disease on spatial navigation strategies. Neurobiol

Aging. (2018) 64:107–15. doi: 10.1016/j.neurobiolaging.2017.12.019

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zhào, Chi, Zhang, Huang and Tian. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 5 September 2021 | Volume 12 | Article 608797148

https://doi.org/10.1038/s41582-018-0031-x
https://doi.org/10.1007/s11065-014-9247-8
https://doi.org/10.3389/fnhum.2018.00272
https://doi.org/10.1177/1533317519852864
https://doi.org/10.1093/arclin/acz019
https://doi.org/10.3389/fneur.2019.01259
https://doi.org/10.1042/CS20160452
https://doi.org/10.1042/CS20160380
https://doi.org/10.18632/oncotarget.13409
https://doi.org/10.1037/neu0000072
https://doi.org/10.1016/j.neuron.2017.06.037
https://doi.org/10.1080/02699050500456410
https://doi.org/10.3389/fneur.2019.01361
https://doi.org/10.1007/s10803-018-3465-5
https://doi.org/10.3233/JAD-180819
https://doi.org/10.1007/s00415-018-8987-4
https://doi.org/10.1016/j.neurobiolaging.2016.12.003
https://doi.org/10.3389/fnhum.2019.00202
https://doi.org/10.1016/j.neurobiolaging.2017.12.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact 

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover

	Frontiers eBook Copyright Statement
	Update on Vascular Contributions to Age-Related Neurodegenerative Diseases and Cognitive Impairment - Research of ISNVD 2020 Meeting

	Table of Contents
	Editorial: Update on Vascular Contributions to Age-Related Neurodegenerative Diseases and Cognitive Impairment - Research of ISNVD 2020 Meeting
	Author Contributions
	Funding
	References

	Age-Related Alterations in Brain Perfusion, Venous Oxygenation, and Oxygen Metabolic Rate of Mice: A 17-Month Longitudinal MRI Study
	Introduction
	Materials and Methods
	General
	MRI
	Cerebral Venous Oxygenation (Yv)
	Cerebral Blood Flow (CBF)
	Cerebral Metabolic Rate of Oxygen (CMRO2)
	Additional Anatomical MRI Sequence
	Heart Rate Measurement
	Statistical Analyses

	Results
	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Parietal Perfusion Alterations in Parkinson's Disease Patients Without Dementia
	Introduction
	Materials and Methods
	Participants
	MRI Acquisition
	MRI Processing
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics of the Participants
	CBF and GM Volume Comparison Between pwPD and HC
	Association With Neuropsychological Test Scores

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Cortical and Deep Gray Matter Perfusion Associations With Physical and Cognitive Performance in Multiple Sclerosis Patients
	Introduction
	Materials and Methods
	Study Population
	MRI Acquisition and Analysis
	Statistical Analysis

	Results
	Demographic, Clinical, Cognitive, and MRI-Based Characteristics
	Associations Between Clinical, Cognitive, and Perfusion-Based Measures
	Cardiovascular Diseases and Differences in Perfusion Measures

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Quantitative Cerebrovascular Reactivity in Normal Aging: Comparison Between Phase-Contrast and Arterial Spin Labeling MRI
	Introduction
	Materials and Methods
	Study Participants
	Experimental Procedures
	Data Processing
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Multimodal Evaluation of Neurovascular Functionality in Early Parkinson's Disease
	Introduction
	Methods
	Demographic and Clinical Evaluation
	MRI Acquisition
	MRI Analysis
	Pre-processing of MRI Data
	3D-T1 MPRAGE
	rsfMRI Dataset
	ASL Dataset

	Group Level Analyses


	Results
	Sample Demographic and Neuropsychological Evaluation
	Functional Connectivity Results
	Perfusion Results
	VBM Results

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Relationships Among Circulating Levels of Hemostasis Inhibitors, Chemokines, Adhesion Molecules, and MRI Characteristics in Multiple Sclerosis
	Introduction
	Methods
	Study Population
	Plasma Assay
	Magnetic Resonance Imaging Acquisition and Image Analysis
	Statistical Analyses

	Results
	Demographic, Clinical, and MRI Characteristics
	Measures of Protein Levels and Neurodegeneration: An Integrated Model
	Protein Level Correlations of Protein C and Chemokine C-C Motif Ligand 18 in Multiple Sclerosis and Healthy Individuals
	Protein Level Correlations in Patients With Cerebral Microbleeds

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Association Between Motor and Cognitive Performances in Elderly With Atrial Fibrillation: Strat-AF Study
	Introduction
	Materials and Methods
	Cognitive and Motor Assessment
	Neuroimaging Assessment
	Statistical Analyses

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Early Post-stroke Cognition: In-hospital Predictors and the Association With Functional Outcome
	Introduction
	Materials and Methods
	Study Population
	Defining Cognitive Impairment
	Covariates
	Neuroimaging
	Statistical Analysis

	Results
	Characteristics of Ischemic Stroke Patients and Non-stroke Controls
	Association Between the Follow-Up MoCA and Functional Status at That Timepoint
	Predictors of Follow-Up MoCA Scores

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Cerebral Vessels: An Overview of Anatomy, Physiology, and Role in the Drainage of Fluids and Solutes
	Introduction
	Arterial and Capillary Systems
	Venous System
	Production and Drainage of Cerebrospinal Fluid and Interstitial Fluid
	Neurofluid Physiology
	Cerebrovascular Damage and Neurodegeneration

	Author Contributions
	Acknowledgments
	References

	Comparison of Longitudinal Changes of Cerebral Small Vessel Disease Markers and Cognitive Function Between Subcortical Vascular Mild Cognitive Impairment With and Without NOTCH3 Variant: A 5-Year Follow-Up Study
	Introduction
	Materials and Methods
	Participants
	Molecular Genetic Analysis
	MRI Techniques
	Assessment of Lacunes and CMBs on MRI
	Neuropsychological Testing
	Pittsburgh Compound B-positron Emission Tomography ([11C]-PiB)-PET
	Follow-Up Evaluations
	Statistical Analysis

	Results
	Baseline Characteristics and Longitudinal Follow-Up
	The Impact of NOTCH3 Variant on Longitudinal Changes of CSVD Markers
	The Impact of NOTCH3 Variant on Longitudinal Cognitive Changes

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Screening for Cognitive Impairment After Stroke: Validation of the Chinese Version of the Quick Mild Cognitive Impairment Screen
	Introduction
	Methods
	Participants
	The Qmci-CN
	Data Collection
	Statistical Analyses

	Results
	Cognitive Test Scoring and Administration
	Screening for Post-stroke Cognitive Impairment (PSCIND and PSD)

	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	An Overview of Venous Abnormalities Related to the Development of Lesions in Multiple Sclerosis
	Introduction
	Inflammation and Vascular Damage
	Venous Collagenosis
	The Role of Venous Ischemia
	Cerebral Venous Infarction
	Dural Sinus Flow Effects, Abnormal CSF Flow, and Increases in Venous Pressure
	Changes in Perfusion of MS Lesions and Normal Appearing White Matter (NAWM)
	Fibrin, Flow Disruption, and Ischemia
	Evidence That Vascular Abnormalities Precede Vasculitis and Inflammation
	Medullary Veins
	Central Vein Sign (CVS)
	Evidence of Dilated Veins
	Endothelial Dysfunction
	Loss of Medullary Vein Density (MVD)
	Developmental Venous Anomalies (DVAs)
	Vascular Changes as a Pre-Cursor to the Formation of Acute Lesions
	Imaging the Microvasculature Using a USPIO Contrast Agent
	Venous Abnormalities Seen With Micro Imaging

	Summary Of The Putative Timeline Of Events In Ms
	Future Possibilities And Other Considerations
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References

	Severity of Lesions Involving the Cortical Cholinergic Pathways May Be Associated With Cognitive Impairment in Subacute Ischemic Stroke
	Introduction
	Methods
	Patients
	Collection of Demographic Data
	MRI Assessments
	Cognitive and Psychological Assessments
	Functional Dependence and Disability Assessment at 3 Months
	Statistical Analysis

	Results
	Univariate Analysis of PSCI
	Multivariate Logistic Regression Analysis of PSCI

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	All Central Nervous System Neuro- and Vascular-Communication Channels Are Surrounded With Cerebrospinal Fluid
	Introduction
	Method
	Results
	The CNS Neuro-Communication Channels Are Surrounded With CSF
	The CNS Vascular-Communication Channels Are Surrounded With CSF

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Spatial Navigation Is Impaired in Elderly Patients With Cerebral Small Vessel Disease
	Introduction
	Methods
	Subjects
	Neuropsychological Assessment
	Spatial Navigation Tests
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Back Cover



