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ASSOCIATIONS BETWEEN BLOOD AND CEREBROSPINAL FLUID FLOW IMPAIRMENTS ASSESSED
WITH PHASE-CONTRAST MRI AND BRAIN DAMAGE IN PATIENTS WITH AGE-RELATED
CEREBRAL SMALL VESSEL DISEASE
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Hemodynamic parameters of blood and cerebrospinal fluid (CSF) flow can be measured in vivo using phase-contrast MRI (PC-MRI). This opens new horizons for
studying the mechanisms implicated in the development and progression of age-related cerebral small vessel disease (SVD). In this paper, we analyze associations
between cerebral arterial, venous and CSF flow impairments and SVD features visible on MRI. The study was carried out in 96 patients with SVD (aged
60.91 + 6.57 years) and 23 healthy volunteers (59.13 + 6.56 years). The protocol of the MRI examination included routine MRI sequences (T2, FLAIR, T1, SWI, and
DWI) applied to assess the severity of brain damage according to STRIVE advisory standards and PC-MRI used to quantify blood flow in the major arteries and veins
of the neck, the straight and upper sagittal sinuses, and CSF flow at the agueduct level. We analyzed the associations between linear and volumetric parameters
of blood/CSF flow and the degree of brain matter damage using the Fazekas scale. We observed a reduction in tABF, stVBF, sssVBF, agLF, Saq, and ICC values
and a rise in Pi associated with WMH progression, as well as a gradual decline in tABF and an increase in Pi, Sag and ICC associated with a growing number of
lacunes (p < 0.05). Patients with early (< 5) MB had lower sssVBF and stVBF rates in comparison with patients without MB; agLF, Saq, and ICC values were elevated
in patients with 5 to 10 MB, as compared to patients without MB or early (< 5) MB. The established associations between MRI findings in patients with SVD and
blood/CSF flow impairments suggest the important role of mechanisms implicated in the disruption of Monro—Kellie intracranial homeostasis in promoting SVD.
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BJIMAHUE HAPYLLEEHUA KPOBOTOKA U JINKBOPOTOKA MO JAHHBIM ®A30B0O-KOHTPACTHOM
MPT HA COCTOSAAHVE MOJIOBHOIO MO3IA NPU BO3PACT-3ABUCUMON
LIEPEBPAJIbHOV MUKPOAHIMOMNATUN

E. . KpemHesa' ™, B. M. AxmeTasHog?, J1. A. [lo6pbiHuHa', M. B. KpoteHkosa'

" HayuHblin ueHTp HeBponorumn, Mockea, Poccus
2 000 «[M3T-TexHonomku», Yha, Poccust

MeTopn dazoBo-koHTpacTHo MPT (PK-MPT) ronoBHOro mMosra no3BONSET in Vivo OLUEHUTb NokasaTenn KpoBOTOKA U JIMKBOPOTOKA, YTO OTKPbIBAET HOBbIE
BO3MOXXHOCTW B UCCNEAOBaHWM MEXaHN3MOB PasBUTVS 1 MPOrPEeCCUMPOBaHNS BO3PacT-3aBMCUMON LiepebpansHol Mukpoanronatum (LIMA). Liensto paboTbl
ObINI0 NPOBECTN aHaNM3 3HAYUMOCTN HAPYLLEHWI LIepebpanbHOro apTepuanbHOro, BEHO3HOMO KPOBOTOKA M IMKBOPOTOKA B (hopmmposaHn MPT-npraHakos
LIMA. Vccneposanm 96 6onbHbIx ¢ LIMA (60,91 + 6,57 neT) n 23 300poBbix AobpososbLa (59,13 + 6,56 neT). Mpotokon MPT Bktodan B cebs pexxkmbl T2, FLAIR,
T1, SWI, OBV onsa oueHKn nopakeHrst ronoBHOro Moara cornacHo ctaHgapTam STRIVE, a Takke ®K-MPT ¢ oueHKo KpoBOTOKa B MarcTpasibHbIX apTepusix
1 BEHax Len, B MPSMOM 1 BEPXHEM CarnTTaslbHOM CUHYCaXx, JIMKBOPOTOKA Ha YPOBHE BOAOMPOBOAA MO3ra. [MpoBoanan KOPPENALMIO IMHEAHbIX 1 O6BEMHbIX
riokasartesnein KpoBOTOKa 1 NIMKBOPOTOKA C MOPaXeHeM BELLLECTBA MO3ra B 3aBMCYMOCTM OT CTEMeHN TSHKeCTU M3MeHeHWi (Lukana Pagekac). OTMEYHO CHUKEHVE
tABF, stVBF, sssVBF, agLF, Saq, ICC v nosbiweHve Pi no mepe nporpeccupoBanms BB, nocteneHHoe cHvkeHve tABF 1 nosbiweHne Pi, Saq 1 ICC no mepe
YBENMMH4EHNS Ymcna nakyH (o < 0,05). 3HadeHns sssVBF 1 stVBF Takke JOCTOBEPHO CHWKAMCE B rpyrnne paHHux (< 5) MKP no cpasHeHmio ¢ 6oneHbiMm 6e3 MKP,
a agLF, Saq, ICC ysenmunBanuck B rpynne 60osbHbIx ¢ 5-10 MKP no cpasHeHuto ¢ 60nbHbIMY 663 MKP 1 paHHuMin (< 5) MKP. YcTaHoBneHne CBsiav N3MeHEHWIN
B apTepuasibHOM, BEHO3HOM KPOBOTOKE U NMKBOpoToke ¢ MPT-nposieneHusammn y 6onbHbix LIMA no3BonseT npegnonaraTs NaToreHeTUHECKyio 3Ha4YMMOCTb B
pas3snTn LIMA-MexaH3MoB, CBA3aHHbIX C HapyLLeHnemM romeoctasa MoHpo—Kennn.

KnioueBble cnosa: (ha3oBo-kKoHTpacTHad MPT, Bo3pacT-3aBrcumvas LepebpanbHas MUKPOaHMMonaTuns, MO3roBo KPOBOTOK, JIMKBOPOTOK
durHaHcupoBaHue: paboTa BbINoHEHa B pamMKax rocyaapcTBeHHoro 3aganmns OrbHY HLH.

NHdopmaums o Bknage aBTopoB: E. . KpemHeBa — MeToanka nccnefoBaHus, aHanms U MHTepnpeTauma daHHbIX, HanmcaHue 1 ohopMeHne cTaTbu,
B. M. AxmeT3siHOB — cH0p [aHHbIX; 06paboTKa AaHHbIX U MX MHTEpnpeTaums; ctatucTudeckuin aHanua; J1. A. JobpbiHuHa — obLias naes 1 MeTofonorus
1CCnefoBaHns, MHTepnpeTaumns AaHHbIX, cOOp M aHanM3 KIMHUYECKON YacTi AanHbix; M. B. KpoTeHkoBa — KypupoBaHWe UCCNefoBaHus, MeTOA0Morms
1ICCNefoBaHns, MHTepnpeTaunst AaHHbIX.

CobniogeHne aT4eCKNX CTaH[apToB: 1CChenoBaHe 0fobpeHo NoKabHbIM 3THeCKM komuTeTom GIEHY HayuHbil LeHTp HeBponorumn (MpoTokon Ne 2-3/16
oT 27 sHBapsi 2016 r.). Bce y4acTHUKM nognuncani 4o6poBobHOE NHDOPMUPOBaHHOE Cornacue Ha y4acTie B UCCnefoBaHunm.

D><] Ons koppecnonpeHuun: EneHa VropesHa KpemHesa
Bonokonamckoe wocce, a. 80, . Mocksa, 125367; kremneva@neurology.ru

Cratbsl nony4eHa: 28.07.2019 Ctatbsi npuHaTa K nevatu: 12.08.2019 Ony6nukosaHa oHnaiH: 25.08.2019

DOI: 10.24075/vrgmu.2019.054

-m BULLETIN OF RSMU | 4, 2019 | VESTNIKRGMU.RU



MR neuroimaging has enabled visualization of the tiniest
anatomical structures of the brain and provided new insights
into its functions, metabolism, blood supply and cerebrospinal
fluid (CSF) circulation. Phase contrast MRI (PC-MRI) is a
method of functional MR neuroimaging that yields information
about arterial, venous and CSF flows. In conventional PC-MRI,
two data sets are acquired and subtracted from each other
following the application of bipolar gradients with the same
magnitude but opposite directions. The net phase gain will be
0 for stationary spins. However, moving spins will undergo
a non-zero phase shift proportional to their velocity. This
happens in flowing media, where traveling protons experience
a stronger or weaker magnetic field following the application
of the second gradient, as compared to the first. Since the
amount of phase shift depends on the velocity of protons,
PC-MRI can be used to measure hemodynamic parameters
of the flow, including velocity [1]. When synchronized with
the cardiac cycle, the pulse sequence generates a series of
images containing flow velocity data that represent a particular
cardiac cycle phase. Thus, a single scan can yield both phase
and magnitude images, facilitating flow quantification and
brain anatomy visualization.

PC-MRI is mainly used to quantify cerebral fluid flow and
assess the efficacy of surgical treatment in patients with
hydrocephalus [2]. PC-MRI is a rapid, noninvasive and objective
technique for measuring the amount and velocity of arterial,
venous and CSF flows and their temporal relationship to cardiac
cycle phases; it also provides valuable information about
arteries, veins, sinuses and perivascular spaces that determine
cerebral compliance [3]. This makes PC-MRI an optimal tool
for studying central nervous system disorders arising from
the dysfunction of the mentioned intracranial components,
including cerebral microangiopathy, also known as small vessel
disease (SVD). SVE is essentially a combination of neuroimaging
features, morphological and clinical symptoms associated with
damage to small arteries, arterioles, capillaries and venules [4].
In Russia SVD is considered to be part of a broader concept
referred to as dyscirculatory encephalopathy (DE) [5]. The social
impact of SVD should not be underestimated: it accounts for at
least 20% of all strokes and 45% of dementia cases worldwide
[6]. Although the leading risk factors for SVD are hypertension
and age [4], the disease is often diagnosed in non-hypertensive
elderly patients; in many cases, its etiology is uncertain [7].
This has inspired research into the pathophysiology of SVD
and the role of other risk factors [6], including early endothelial
dysfunction accompanied by increased permeability of the
blood brain barrier (BBB), vasogenic cerebral edema, and white
matter damage that impair venous blood flow and affect CSF
circulation [8]. Studies elucidating the role of blood or CSF flow
impairments in brain damage in patients with SVD are scarce.
However, once their role is clarified, the new knowledge can
pave the way to novel therapeutic approaches for patients with
SVD. Since PC-MRl is a perfect tool for this task, we decided
to exploit it in our study. Below, we attempt to investigate the
associations between cerebral arterial, venous and CSF flow
impairments and SVD features visible on MRI.

METHODS

The main group consisted of 96 patients with SVD (31 men
and 65 women aged 60.91 + 6.57 years) referred to the
Research Center of Neurology. The following inclusion criteria
were applied: complaints of cognitive decline; MRI findings
suggestive of SVD (according to STRIVE neuroimaging
guidelines, those are recent small subcortical infarcts, lacunes,
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white matter hyperintensities (WMH), dilated perivascular
spaces (PVS), cerebral microbleeds (MB), and brain atrophy) [9].
Patients with dementia that prevented the examination, stroke
or brain damage caused by reasons other than SVD, aphasia,
contraindications for MRI, severe pathology, atherosclerosis
of major arteries of the head and neck (50% stenosis) were
excluded from the study. The control group comprised
28 healthy volunteers (8 men and 15 women aged 59.13 + 6.56
years) with no clinical symptoms and MRI findings suggesting
vascular or degenerative brain disease. All patients and all
controls underwent a standard neurological examination and
did standard neuropsychological tests; their ability to function
independently in daily life was also assessed. All participants
underwent an MRI scan.

Brain scans were performed using a 3.0 T Magnetom Verio
scanner (Siemens AG; Erlangen, Germany) with a 12-channel
head coil. Routine MR sequences were used to investigate
imaging features of the disease; PC-MRI was carried out to
quantify blood and CSF flows.

The protocol for routine MRI included the following
sequences: T2-spin-echo, 3D T1mpr, FLAIR, DWI, and SWI.
The acquired images were analyzed in RadiAnt DICOM Viewer,
version 3.0.2 (Medixant; Poznan, Poland) in compliance
with STRIVE neuroimaging standards. Diffusion-weighted
imaging revealed the absence of acute or subacute lacunar
infarcts; therefore, we will not discuss them in this work. Fig. 1
shows the basic MR sequences applied in the study and the
corresponding findings, including the location and extent of
the lesion. The patients were distributed into a few groups
based on the total severity of white matter lesions, which
was assessed using the Fazekas scale: F1 represented single
punctate lesions; F2, beginning confluency of lesions; F3,
confluent lesions [12, 13].

Cerebral circulation and CSF flow were assessed with PC-
MRI synchronized with a peripheral pulse sensor. The frame
rate was 32 frames per cardiac cycle. The following scan
parameters were applied: TR = 28.7 ms, TE = 8 ms, section
thickness = 5.0 mm, field of view =101 x 135 mm, matrix =
256 x 192 pixels; Venc (velocity encoding value) was 5-20 cm/s
for CSF flow and 60-80 cm/s for blood flow. The slice plane
was orientated strictly perpendicular to the direction of blood
flow in the internal carotid (ICA) and vertebral (VA) arteries at
the C2/C3 level, to the direction of CSF flow at the cerebral
aqueduct level and was also perpendicular to blood flow in the
straight and superior sagittal sinuses (Fig. 2). The images were
processed in Bio Flow Image, Flow Analysis Software, Version
04.12.16 (France). We calculated the amount of blood flow in
ICA and VA, the rates of total arterial blood flow (tABF, ml/min),
superior sagittal sinus venous blood flow (sssVBF, ml/min),
straight sinus venous blood flow (stVBF, ml/min), aqueduct
CSF flow (agLF, mm?®/s) and the area occupied by the cerebral
aqueduct (Sag, mm3).

Resistance and elasticity (stiffness) of the arterial wall were
measured using the pulsatility index (Pi) calculated by the
formula: Pi = (V_ -V N ... where V__ is the mean blood
flow velocity during one cardiac cycle, V__ and V_ are peak
and minimal values of blood flow velocity, respectively; the
index of intracranial compliance (ICC) = the amount of CSF flow
(mmV/s) at the cerebral aqueduct level divided by the amount of
blood flowing through an artery (mm?%/s); the latter is an area
under the arterial flow curve that lies above the mean value
of blood flow during the cardiac cycle. Elevated ICC means
a deterioration in the ability of the intracranial system, which
includes brain tissue, CSF and blood flowing in the vessels, to
adapt to an increased volume of any of its components or a
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Fig. 1. An algorithm used to assess MRl features of SVD. PWM — periventricular white matter; DWM — deep white matter; JOWM — juxtacortical white matter [10];
PS — perivascular space; VBC — ventricle to brain coefficient; GCA — global cortical atrophy [11]

lesion, such as a hematoma or a tumor, without inducing a rise
in cerebral pressure.

The acquired data were postprocessed in IBM SPSS
Statistics 23.0 (IBM Company; USA). The effect of independent
quantitative variables on dependent qualitative variables was
assessed by one-way ANOVA followed by pairwise comparison
and the least significant difference (LSD) test.

RESULTS

Basic characteristics of MRI features for SVD are provided in
Table. PVP > 10 were observed in the semioval centers of 94
(97.9%) patients and in the subcortical structures of all patients;
therefore, we analyzed the degree of their expansion only.

Associations between cerebral arterial blood flow
parameters and MRI features of SVD

The measured hemodynamic parameters of arterial blood
flow differed significantly (p < 0.05) between the patients with
different degrees of severity of WMH, lacunar cavities, PVS
dilation, and atrophy in the parietal, temporal and occipital
cortex. No associations were established between the severity
of MB or atrophy in other cortical regions and the values of
tABF and Pi. The LSD test revealed that the patients with a
Fazekas score of 3 had a significantly lower tABF rate and a
higher Pi than the controls or the patients with a Fazekas score
of 1 and 2. A gradual decline in tABF and elevated Pi were
observed in almost all patients with lacunes, as compared to
the patients who did not have lacunar cavities (Fig. 3).

Associations between cerebral venous blood flow
parameters and MRI features of SVD

One-way ANOVA revealed that the hemodynamic parameters
of cerebral venous flow in the upper sagittal and straight sinuses
(stVBF, sssVBF) differed significantly between the controls and

the patients with varying severity of WMH. Further post hoc
comparison of the mean values aided by the LSD test revealed
a statistically significant decline in stVBF and sssVBF rates in
the patients with Fazekas 3, as compared with the controls;
in such patients, the stVBF value was also lower than in the
patients with a Fazekas score of 2 (Fig. 4).

Using the same statistical tools, we found significant
differences in the hemodynamic parameters of cerebral
venous flow between the controls and the patients with varying
numbers of white matter and subcortical lacunes. A statistically
significant decline in stVBF and sssVBF values was observed
in the patients with 5 to 10 and > 10 white matter lacunes
in comparison with the patients without lacunes. Low stVBF
and sssVBF rates were seen in the patients with 5-10 and
> 10 lacunes and in the patients with > 10 and < 5 lacunes
in the subcortical ganglia, respectively, in comparison with the
patients who did not have lacunar cavities (Fig. 4).

The measured hemodynamic parameters of cerebral
venous blood flow differed significantly between the controls
and the patients with juxtacortical MB in different brain regions.
The post hoc analysis aided by the LSD test revealed a
statistically significant correlation between lower sssVBF/stVBF
rates and early MB (< 5) in the juxtacortical white matter of the
parietal lobe in comparison with patients without MB. We also
observed a decline in sssVBF values in the patients with early
MB (< 5) in the deep white matter of the posterior frontal lobe in
comparison with the patients without MB.

One-way ANOVA revealed statistically significant differences
in sssVBF rates between the controls and the patients with
dilated PVS and an association between stVBF/sssVBF rates
and atrophy of the parietal and temporal lobes.

Associations between blood flow parameters, intracranial
compliance and MRI features of SVD

The values of agLF, Saqg and the ICC index differed significantly
between the controls and the patients with WMH. The patients
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Fig. 2. A schematic representation of the PC-MRI procedure. A. Blood flow in the internal carotid and vertebral arteries. B. Blood flow in the straight and sagittal sinuses.

C. CSF flow at the cerebral agueduct level

with Fazekas 3 had lower aglLF, Sag and ICC than the
controls or patients with other Fazekas scores. Increased Saq
and elevated ICC were observed in the patients with over 10
white matter lacunes, as compared to the patients who did
not have lacunar cavities (Fig. 5). agLF, Saq, and ICC were
increased in the patients with 5 to 10 MB in the juxtacortical
white matter of the parietal and temporal lobes in comparison
with the patients with a smaller number of MB (< 5) or their
total absence.

DISCUSSION

In this study, we attempted to investigate the associations
between vascular and CSF flow changes measured with
PC-MRI and SVD features visible on MRI. The analysis of
the generated images was guided by STRIVE neuroimaging
standards [9]. Previous research works studied the associations
between cerebral vascular changes and leukoaraiosis (WMH)
or lacunes [14]. Numerous combinations of MRI features seen

Table. MRI findings in patients with SVD. WMH — white matter hyperintensities; MB — cerebral microbleeds; PVS — perivascular spaces; WM — white matter

Parameter

n (%)

WMH on the Fazekas scale:
Fazekas 1/ Fazekas 2 / Fazekas 3

26 (27.1%) / 31 (32.3%) / 39 (40.6%)

Lacunes (number of)

in WM of brain hemispheres:
no/<5/5-10/>10

in subcortical structures:
no/<5/5-10/>10

42 (43.8%) / 16 (16.7%) / 9 (9.4%) / 17 (17.7%)
32 (33.3%) / 11 (11.5%) / 9 (9.4%) / 12 (12.5%)

MB (number of)

in WM of brain hemispheres:
no/<5/5-10/>10

in subcortical structures:
no/<5/5-10/>10

28 (29.2%) / 12 (12.5%) / 5 (5.2%) / 11 (11.5%)
28 (29.2%) / 13 (13.5%) / 4 (4.2%) / 11 (11.5%)

Brain atrophy:
no / mild / moderate / severe

57 (59.4%) / 51 (63.1%) / 6 (6.3%) / 0 (0%)

PVS

in semioval centers:
1-2mm/3 mm/4 mm
in subcortical structures:
1-2mm/3 mm/4 mm

90 (93.8%) / 4 (4.2%) / 2 (2%)
68 (70.8%) / 21 (21.9%) / 7 (7.3%)
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Fig. 3. Comparison of the tABF rate and Pi between the patients with WMH assessed using the Fazekas scale and the controls (A and B, respectively), between the
groups of patients with different number of lacunes and without lacunes in the white matter (C, D) and subcortical structures (E, F)

in patients with age-related SVD coupled with the absence of
a clear association between the severity of WMH, as well as
other MRI findings, and the severity of clinical manifestations of
the disease led us to hypothesize that neuroimaging features of
SVD could be determined by a combination of abnormalities in
the intracranial system homeostasis described by the Monro-
Kellie doctrine, with one of such abnormalities prevailing.

Our study discovered that a gradual change in the
hemodynamic parameters of arterial, venous and CSF flow
was accompanied by WMH exacerbation measured on
the Fazekas scale. However, we were able to establish a
statistically significant association only between Fazekas 3
(as compared to the control group) and the measured
hemodynamic parameters, including low tABF, elevated Pi,
low stVBF/sssVBF, increased aglLF, Sag and ICC, and Fazekas 3.
The cooccurrence of blood and CSF flow impairments in
patients with severe WMH, which is the main MRI feature
for SVD, suggests the complexity of mechanisms underlying
the disruption of intracranial homeostasis. Our findings are
consistent with the results of studies of SVD morphology that
reported vascular changes associated with atherosclerosis-
induced ischemia and venous collagenosis leading to vascular
congestion and cerebral edema in hypertensive patients [15].

It should be noted that reports of arterial flow dynamics
in patients with progressing WMH are controversial: some
authors reveal a decline in the arterial flow rate [16], whereas
others point to the lack of association between leukoaraiosis
and impaired cerebral circulation [14]. Research into the
association between WMH and cerebral circulation [17]
demonstrated that patients with initially more severe WMH
developed serious impairments of cerebral blood flow and not
the other way around: impaired cerebral circulation did not
precede the progression of WMH. It was concluded that a
reduction in the brain tissue volume causes a decline in the
cerebral blood flow rate. The association between increased
arterial flow and Fazekas 1 established by our study and the
lack of significant differences in blood flow rates between
patients with Fazekas 2 and the controls confirm the role of
non-ischemic mechanisms in the development of early WMH

and a possible reduction in blood flow in response to brain
matter damage in patients with pronounced WMH [3].

Our study demonstrates that a gradual reduction in blood
flow leads to an increase in the number of lacunes. These findings
are consistent with the results of other studies [18] and confirm
that ischemia does play a role in the formation of lacunar cavities.
Our study also reveals a correlation between reduced blood flow
in the upper sagittal and straight sinuses, as well as increased
CSF flow and the elevated intracranial compliance index, and the
formation of multiple lacunes, which possibly reflects the severity
of brain damage in patients with multiple lacunes [19].

Importantly, we observed an association between the
elevated pulsatility index and an increase in the number of
lacunar cavities, as well as in WHM severity, which is again
consistent with other research works [18]; another association
between the increased pulsatility index and the dilation of
PVS was not discussed in the literature previously. Elevated
Pi is a sign of reduced elasticity of arterial walls associated
with their high permeability and swelling that eventually lead
to arteriolosclerosis in hypertensive and non-hypertensive
patients with SVD [20]. Increased pulsatile pressure cannot
be attenuated by the windkessel mechanism; therefore, more
pulsation is “absorbed” by veins [21]. This obstructs drainage
of the interstitial fluid from PVS and promotes accumulation
of toxic waste products, leading to PVS dilation and WMH
[22]. The latter has been actively discussed in the literature
in the context of a recently described glymphatic system (a
waste clearance system of the brain) [23] and could explain
the associations between Pi and PVS size; also, it is possibly
another contributor to WMH. At present, there is ongoing debate
in the literature over the associations between the cerebral
venous collagenosis and venous ischemia, increased vascular
resistance, disrupted interstitial fluid circulation and damage
to BBB accompanied by a vasogenic edema, which, in turn,
provides another explanation for WMH [22]. It is still not known
whether damage to the venules is caused by a pressure surge
or develops independently. Interestingly, WMH (leukoaraiosis)
are commonly found in the regions where deep veins perform
their drainage function and are less pronounced in the regions
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of superficial veins. However, we found statistically significant
associations between reduced venous flow in the upper and
straight sagittal sinuses and early (< 5) microbleeds, which
confirms the important role of cortical veins in maintaining
intracranial compliance [24] and the link between their damage
or rupture and broken autoregulation mechanism.

In our opinion, microbleeds and their association with
blood or CSF flow impairments should be discussed at length.
Single and multiple MB were observed in more than one-third
of patients. The majority of the lesions were localized to either
subcortical or juxtacortical structures; both localizations were
observed in 56.8% of patients [25]. Some authors point to an
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association between MB localizations and the nature of the
pathology: MB found in the subcortical ganglia are associated
with hypertension, whereas those localized to juxtacortical
or cortical structures, with cerebral amyloid angiopathy [26].
Because patients from our sample did not have lobar and
superficial MB, which signal cerebral amyloid angiopathy (CAA)
and are used as a criterion for its diagnosis in vivo, we cannot
rule out early CAA in some of the participants, given the upper
age limit applied in our study. At the same time, MB were
the most pronounced in the Fazekas 3 group characterized
by multiple lacunes that are not typical of CAA [27]. A recent
comparison of data yielded by MRI and Pittsburg compound
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PET showed that the presence of MB/hemorrhages in both
subcortical and juxtacortical structures were more typical for
hypertensive patients with SVD than for those with CAA [28]. Our
previous findings showed a correlation between juxtacortical/
deep MB and the volume of superficial veins and another
correlation between deep/periventricular MB and the volume
of deep veins [29], so we drew a conclusion about a possible
role of venous congestion in the corresponding regions in the
formation of variously localized MB, similarly to how it occurs in
cerebral venous sinus thrombosis. The proposed mechanism
could explain the cooccurrence of MB in subcortical structures
and the subcortical white matter. Prospective observation of
these patients will help us to investigate the prognostic value
of MB localization and its combination with other MRI features
as markers of early SVD. This is particularly important, because
the overuse of antiplatelets is one of the leading factors for
lobar hemorrhage in elderly patients.

References

7. Dumoulin CL, Yucel EK, Vock P, et al. Two- and three-dimensional
phase contrast MR angiography of the abdomen. J Comput Assist
Tomogr. 1990; (14): 779-84.

2. Halperin JJ, Kurlan R, Schwalb JM, Cusimano MD, Gronseth G,
Gloss D. Practice guideline. Idiopathic normal pressure
hydrocephalus: Response to shunting and predictors of
response. Report of the Guideline Development, Dissemination,
and Implementation Subcommittee of the American Academy of
Neurology. Neurology. 2015; (85): 2063-71.

3. Ahmetzyanov BM, Kremneva El, Morozova SN, Dobrynina LA,
Krotenkova MV. Vozmozhnosti magnitno-rezonansnoj tomografii v
ocenke likvornoj sistemy v norme i pri razlichnyh zabolevanijah
nervnoj sistemy. Russian electronic journal of radiology. 2018; 8
(1): 145-66. Russian.

4,  Pantoni L. Cerebral small vessel disease: from pathogenesis and
clinical characteristics to therapeutic challenges. Lancet Neurol.
2010; (9): 689-701.

5. Shahparonova NV, Kadykov AS. Hronicheskie sosudistye
zabolevanija golovnogo mozga: algoritm diagnostiki i lechenija.
Consilium Medicum. 2017; 19 (2): 104-9.

6.  Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic
cerebral small vessel disease: insights from neuroimaging. Lancet
Neurol. 2013; (12): 483-97.

7. Rost NS, Rahman RM, Biffi A, et al. White matter hyperintensity
volume is increased in small vessel stroke subtypes. Neurology.
2010; (75): 1670-7.

8. Gulevskaya TS. Patologija belogo veshhestva polusharij golovnogo
mozga pri arterial'noj gipertonii s narushenijami mozgovogo
krovoobrashhenija [dissertacija]. M., 1994,

9. Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging standards
for research into small vessel disease and its contribution to
ageing and neurodegeneration. Lancet Neurol. 2013; (12): 822-38.

10. Kim KW, MacFall JR, Payne ME. Classification of white matter
lesions on magnetic resonance imaging in elderly persons. Biol
Psychiatry. 2008; (64): 273-80.

11. Harper L, Barkhof F, Fox NC, Schott JM. Using visual rating to
diagnose dementia: a critical evaluation of MRI atrophy scales.
J Neurol Neurosurg Psychiatry. 2015; 86 (11): 1225-33. DOI:
10.1136/jnnp-2014-310090.

12. Fazekas F, Chawluk JB, Alavi A, et al. MR signal abnormalities
at 1.5 T in Alzheimer's dementia and normal aging. AJR Am J
Roentgenol. 1987; 149 (2): 351-6.

13. Pantoni L, Basile AM, Pracucci G, Asplund K, Bogousslavsky J,
Chabriat H. et al. Impact of age-related cerebral white matter
changes on the transition to disability: the LADIS study: rationale,
design and methodology. Neuroepidemiology. 2005; 24: 51-62.

14. Henry-Feugeas MC, Roy C, Baron G, Schouman-Claeys E.
Leukoaraiosis and pulse-wave encephalopathy: observations with

CONCLUSIONS

The established associations between MRI findings and
arterial, venous and CSF flow impairments in patients with
SVD suggest the important role of mechanisms implicated
in the disruption of Monro—Kellie intracranial homeostasis in
promoting SVD. Most likely, the initial contribution is done by
increased arterial pulsatility, as suggested by the universal
association between this parameter and other clinical
manifestations (cognitive decline and gait disturbances),
as well as diagnostic features of SVD visible on MRI.
This determines the clinical relevance of interpreting the
acquired MR images using STRIVE advisory standards and
analyzing the hemodynamic parameters of blood and CSF
flow based on PC-MRI data in patients with SVD in order to
assess the efficacy of the applied treatment or prevention
measures.

phase contrast MRI in mild cognitive impairment. J Neuroradiol.
2009; (36): 212-8.

15. Schmidt R, Schmidt H, Haybaeck J, et al. Heterogeneity in age-
related white matter changes. Acta Neuropathol. 2011; (122):
171-85.

16. Shi Y, Wardlaw J. Update on cerebral small vessel disease: a
dynamic whole-brain disease. Stroke and Vascular Neurology.
2016; (2): 83-92.

17. Van der Veen PH, Muller M, Vincken KL, et al. Longitudinal
relationship between cerebral small-vessel disease and cerebral
blood flow: the second manifestations of arterial disease-magnetic
resonance study. Stroke. 2015; (46): 1233-8.

18. Poels MM, Zaccai K, Verwoert GC, et al Arterial stiffness and
cerebral small vessel disease: the Rotterdam Scan Study. Stroke.
2012; (43): 2637-42.

19. Kremneva El, Akhmetzyanov BM, Gadzhieva ZSh, Sergeeva AN,
Zabitova MR, Morozova SN, et al. Assessment of different
pathogenetic mechanisms and disease progression in sporadic
cerebral small vessel disease patients based on MRI STRIVE
criteria. Neuroradiology. 2018; 60 (suppl 2): S430-S430.

20. Shi Y, Thrippleton MJ, Marshall |, Wardlaw JM. Intracranial
pulsatility in patients with cerebral small vessel disease: a
systematic review. Clinical Science (London). 2018; 32 (1): 157-71.

21. Bateman GA, Levi CR, Schofield P, et al. The venous manifestations
of pulse wave encephalopathy: windkessel dysfunction in normal
aging and senile dementia. Neuroradiology. 2008; (50): 491-7.

22, Potter GM, Doubal N, Jackson CA, et al. Enlarged perivascular
spaces and cerebral small vessel disease. Int J Stroke. 2015; (10):
376-81.

23. Mestre H, Kostrikov S, Mehta RI, Nedergaard M. Perivascular
spaces, glymphatic dysfunction, and small vessel disease. Clinical
science. 2017; (131): 2257-74.

24. Vignes JR, Dagain A, Guerin J, Liguoro D. A hypothesis of cerebral
venous system regulation based on a study of the junction
between the cortical bridging veins and the superior sagittal sinus.
Laboratory investigation. J Neurosurg. 2007; (107): 1205-10.

25. Zabitova MR, Shabalina AA, Dobrynina LA, Kostyreva MV,
Ahmetzyanov BM, Gadzhieva ZSh, i dr. Tkanevoj aktivator
plazminogena i MRT-priznaki cerebral'noj mikroangiopatii. Annaly
klinicheskoj i jeksperimental'noj nevrologii. 2018; 12 (4): 30-6.

26. Charidimou A, Pantoni L, Love S. The concept of sporadic
cerebral small vessel disease: A road map on key definitions and
current concepts. Int J Stroke. 2016; 11 (1): 6-18.

27. Greenberg SM, Vernooij MW, Cordonnier C. Cerebral microbleeds:
a guide to detection and interpretation. Lancet Neurol. 2009; (8):
165-74.

28. Tsai HH, Pasi M, Tsai LK, et al. Microangiopathy underlying
mixed-location intracerebral hemorrhages / microbleeds: A PiB-

BULLETIN OF RSMU | 4, 2019 | VESTNIKRGMU.RU



OPUIMHAJTIbHOE NCCJIEQOBAHNE | HEBPOJIOINA

29.

PET study. Neurology. 2019; 92 (8): e774-e781. DOI: 10.1212/
WNL.0000000000006953.
Ahmetzyanov BM. Rol' narushenij krovotoka i likvorotoka v

Jlutepatypa

1.

10.

11.

12.

13.

14.

15.

Dumoulin CL, Yucel EK, Vock P, et al. Two- and three-dimensional
phase contrast MR angiography of the abdomen. J Comput Assist
Tomogr. 1990; (14): 779-84.

Halperin JJ, Kurlan R, Schwalb JM, Cusimano MD, Gronseth G,
Gloss D. Practice guideline. Idiopathic normal pressure
hydrocephalus: Response to shunting and predictors of
response. Report of the Guideline Development, Dissemination,
and Implementation Subcommittee of the American Academy of
Neurology. Neurology. 2015; (85): 2063-71.

AxmeTssaHoB B. M., KpemHesa E. 1., Mopososa C. H.,
Lob6pbiHuHa 1. A., KpoTteHkoBa M. B. BO3MOXHOCT MarHUTHO-
pPE30HaHCHOM Tomorpadun B OLEHKE NIMKBOPHOW CUCTEMbI B
HOpMe 1 MpY pasnnyHbiX 3aboneBaHNsX HEPBHOW CUCTEMbI.
Russian electronic journal of radiology. 2018; 8 (1): 145-66.
Pantoni L. Cerebral small vessel disease: from pathogenesis and
clinical characteristics to therapeutic challenges. Lancet Neurol.
2010; (9): 689-701.

LLlaxnapoHoBa H. B., KagbikoB A. C. XpOHN4eCKMe COCYyanCTble
3ab0meBaHNs rofIOBHOMO MO3ra: anropUTM AVarHOCTVIKA U1 NIEHEHVS.
Consilium Medicum. 2017; 19 (2): 104-9.

Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic
cerebral small vessel disease: insights from neuroimaging. Lancet
Neurol. 2013; (12): 483-97.

Rost NS, Rahman RM, Biffi A, et al. White matter hyperintensity
volume is increased in small vessel stroke subtypes. Neurology.
2010; (75): 1670-7.

lynesckass T. C. [lNatonorvs 6enoro BeLlecTBa MoyLlapui
rOIOBHOMO MO3ra Mpy apTeprasibHOM MMNEPTOHUM C HAPYLLIEHUSIMIA
MO3roBOro KpoBoobpatleHust [ancceptauys]. M., 1994,
Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging standards
for research into small vessel disease and its contribution to
ageing and neurodegeneration. Lancet Neurol. 2013; (12): 822-38.
Kim KW, MacFall JR, Payne ME. Classification of white matter
lesions on magnetic resonance imaging in elderly persons. Biol
Psychiatry. 2008; (64): 273-80.

Harper L, Barkhof F, Fox NG, Schott JM. Using visual rating to
diagnose dementia: a critical evaluation of MRI atrophy scales.
J Neurol Neurosurg Psychiatry. 2015; 86 (11): 1225-33. DOI:
10.1136/jnnp-2014-310090.

Fazekas F, Chawluk JB, Alavi A, et al. MR signal abnormalities
at 1.5 T in Alzheimer's dementia and normal aging. AJR Am J
Roentgenol. 1987; 149 (2): 351-6.

Pantoni L, Basile AM, Pracucci G, Asplund K, Bogousslavsky J,
Chabriat H. et al. Impact of age-related cerebral white matter
changes on the transition to disability: the LADIS study: rationale,
design and methodology. Neuroepidemiology. 2005; 24: 51-62.
Henry-Feugeas MC, Roy C, Baron G, Schouman-Claeys E.
Leukoaraiosis and pulse-wave encephalopathy: observations with
phase contrast MRI in mild cognitive impairment. J Neuroradiol.
2009; (36): 212-8.

Schmidt R, Schmidt H, Haybaeck J, et al. Heterogeneity in age-

BECTHVIK PIMY | 4, 2019 | VESTNIKRGMU.RU

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

porazhenii golovnogo mozga pri cerebral'noj mikroangiopatii
[dissertacija]. M., 2019.

related white matter changes. Acta Neuropathol. 2011; (122):
171-85.

Shi Y, Wardlaw J. Update on cerebral small vessel disease: a
dynamic whole-brain disease. Stroke and Vascular Neurology.
2016; (2): 83-92.

Van der Veen PH, Muller M, Vincken KL, et al. Longitudinal
relationship between cerebral small-vessel disease and cerebral
blood flow: the second manifestations of arterial disease-magnetic
resonance study. Stroke. 2015; (46): 1233-8.

Poels MM, Zaccai K, Verwoert GC, et al Arterial stiffness and
cerebral small vessel disease: the Rotterdam Scan Study. Stroke.
2012; (43): 2637-42.

Kremneva El, Akhmetzyanov BM, Gadzhieva ZSh, Sergeeva AN,
Zabitova MR, Morozova SN, et al. Assessment of different
pathogenetic mechanisms and disease progression in sporadic
cerebral small vessel disease patients based on MRI STRIVE
criteria. Neuroradiology. 2018; 60 (suppl 2): S430-S430.

Shi Y, Thrippleton MJ, Marshall |, Wardlaw JM. Intracranial
pulsatility in patients with cerebral small vessel disease: a
systematic review. Clinical Science (London). 2018; 32 (1): 157-71.
Bateman GA, Levi CR, Schofield P, et al. The venous manifestations
of pulse wave encephalopathy: windkessel dysfunction in normal
aging and senile dementia. Neuroradiology. 2008; (50): 491-7.
Potter GM, Doubal N, Jackson CA, et al. Enlarged perivascular
spaces and cerebral small vessel disease. Int J Stroke. 2015; (10):
376-81.

Mestre H, Kostrikov S, Mehta RI, Nedergaard M. Perivascular
spaces, glymphatic dysfunction, and small vessel disease. Clinical
science. 2017; (131): 2257-74.

Vignes JR, Dagain A, Guerin J, Liguoro D. A hypothesis of cerebral
venous system regulation based on a study of the junction
between the cortical bridging veins and the superior sagittal sinus.
Laboratory investigation. J Neurosurg. 2007; (107): 1205-10.
3abutoea M. P., LabanuHa A. A., OobpbiHuHa J1. A.,
KocTtbipeBa M. B., AxmetssHoB b. M., lampknesa 3. LLI.
n ap. TkaHeBOW akTmBaTop nnasmuHoreHa 1 MPT-npuaHakn
LiepebpanbHoi MUKpOaHronaTu. AHHanbl KIVMHUYECKOW U
3KCnepuMeHTanbHoM Hesponorun, 2018; 12 (4): 30-6.
Charidimou A, Pantoni L, Love S. The concept of sporadic
cerebral small vessel disease: A road map on key definitions and
current concepts. Int J Stroke. 2016; 11 (1): 6-18.

Greenberg SM, Vernooij MW, Cordonnier C. Cerebral microbleeds:
a guide to detection and interpretation. Lancet Neurol. 2009; (8):
165-74.

Tsai HH, Pasi M, Tsai LK, et al. Microangiopathy underlying
mixed-location intracerebral hemorrhages / microbleeds: A PiB-
PET study. Neurology. 2019; 92 (8): e774—e781. DOI: 10.1212/
WNL.0000000000006953.

AxmeTaaHoB B. M. Ponb HapyLLEHWA KPOBOTOKA 1 NIMKBOPOTOKA
B TMOPaXKeHWW rOfIOBHOro Mo3ra npu  LepebpasnbHom
MUKpoaHrmonaTtum [aucceptaums). M., 2019.




