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White matter integrity of watershed areas is potentially 
influenced by hypoperfusion in the presence permanent 
atrial fibrillation
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Aim. To test a hypothesis of hypoperfusion-induced white matter 
changes in patients with atrial fibrillation (AFib) and to present statistics 
to compute sample size for the upcoming studies.
Material and methods. We included 30 inpatients with AFib and 
investigated them with magnetic resonance imaging (MRI) with 
standard sequencies and diffusion tensor imaging (DTI). DTI data were 
analyzed with conventional ROI analysis in the Olea Sphere software 
and with watershed areas (WSA) mask in the FSL toolbox after nonlinear 
transformation of images to the Montreal Neurological Institute (MNI) 
space. Wilcoxon test was used to compare diffusion characteristics 
across subgroups.
Results. Median age of participants was 73 years (69-78), 18 (60%) 
patients had moderate signs of small vessel disease with Fazekas score 
of one. Twenty-one patients had paroxysmal AFib. Analysis of WSA 
revealed decreased white matter integrity in the parieto-occipital cortical 
WSA with a pattern of significantly increased mean diffusivity (p=0,039), 
and marginally significant decrease in fractional anisotropy (p=0,056). 
Rank-based effect size across areas under comparison was either small 
(0,2) or negligible, and with statistical power in the range of 0,05-1.
Conclusion. Atrial fibrillation could have pathophysiologically feasible 
mechanism to affect white matter integrity in the watershed areas.
Keywords: atrial fibrillation, watershed areas, small vessel disease, 
diffusion tensor imaging, white matter integrity.
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Связь церебральной гипоперфузии и нарушений целостности белого вещества в зонах водоразделов 
у пациентов с постоянной формой фибрилляции предсердий
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Цель. Проверить гипотезу об изменениях белого вещества, вы-
званных церебральной гипоперфузией, у пациентов с фибрилляци-
ей предсердий (ФП) и представить статистические вычисления для 
расчета размера выборки в будущих исследованиях.
Материал и  методы. В  исследование были включены 30 паци-
ентов с  ФП, находящиеся на госпитализации, которым были про-

ведены магнитно-резонансная томография (МРТ) со стандартны-
ми последовательностями и  диффузионно-тензорная (ДТ) МРТ. 
Данные ДТ МРТ были проанализированы с помощью стандартного 
анализа области интереса (region of interest (ROI) analysis) в  про-
граммном обеспечении Olea Sphere и с помощью наложения маски 
водоразделов в наборе инструментов FSL после нелинейного пре-
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образования изображений в  пространство Монреальского невро-
логического института (MNI space). Для сравнения характеристик 
диффузии в подгруппах использовался критерий Уилкоксона.
Результаты. Средний возраст участников составлял 73 года (69-78), 
у 18 (60%) пациентов имелись умеренно выраженные признаки цере-
бральной микроангиопатии (степень 1 по визуальной шкале Fazekas). 
У 21 пациента была установлена пароксизмальная форма ФП. Анализ 
данных показал снижение целостности белого вещества в теменно-
затылочных зонах водоразделов со статистически значимым уве-
личением средней диффузии (p=0,039) и  незначимым снижением 
фракционной анизотропии (p=0,056). Ранговая величина эффекта 
в сравниваемых областях была либо небольшой (0,2), либо незначи-
мой, а статистическая мощность находилась в диапазоне 0,05–1.
Заключение. Фибрилляция предсердий может иметь патофизио-
логически обоснованный механизм, влияющий на целостность бе-
лого вещества в зонах водоразделов.
Ключевые слова: фибрилляция предсердий, водоразделы, цере-
бральная микроангиопатия, диффузионно-тензорная визуализа-
ция, целостность белого вещества.
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Introduction
Atrial fibrillation (AFib) imposes the greatest so-

cio economic burden among other types of ar rhythmias 
[1]. It significantly contributes to the risk of cerebral and 
myocardial infarction and decreases quality of life. AFib 
may result in cardioembolic stroke but may also alter 
brain perfusion and lead to small vessel disease (SVD).

There are certain brain regions that are the most 
susceptible to ischemia due to unique properties of their 
arterial supply. These zones are located between the 
distal parts of two arteries which have no anastomosis. 
The lower perfusion pressure in this region defines 
the higher susceptibility to ischemia. Moreover, the 
presence of microemboli and their derivates within 
the watershed areas in the autopsy series proves the 
association between the embolic events and deve-
lopment of infarction in vulnerable zones [2]. 

Hypoperfusion of these areas may be potentially 
accompanied by embolism which leads to impaired 
clearance of the substrate [3]. Both of these mechanisms 
could be seen in patients with AFib [4]. 

Two different types of watershed zones could 
be defined. The first one is a cortical watershed area 
(WSA) located at the junction of major brain arteries 
zones  — between anterior cerebral artery (ACA) and 
middle cerebral artery (MCA) and between MCA and 
posterior cerebral artery (PCA). Acute lesions in this 
area are usually visualised by magnetic resonance 
imaging (MRI) as wedge-shaped or ovoid. The principal 
ischemia mechanism in the cortical WSA is an embolic 
event due to hemodynamic factors are less likely to 
cause alterations in these areas [5]. 

The second type of watershed area is internal WSA 
primarily located in the region of lenticulostriate vessels, 

cortical and deep branches of the MCA. This area was 
shown to be susceptible to hemodynamic alterations 
more likely than to embolism. Blood supply of subcortical 
white matter can explain high susceptibility of these zones 
to ischemia. Firstly, medullary penetrating vessels (from 
middle and anterior cerebral arteries) which supply these 
zones are the most distal branches of the internal carotid 
arteries and hence have the lowest perfusion pressure. 
Secondly, the deep perforating lenticulostriate arteries 
(which also supply these zones) have little collateral 
blood f low. Thirdly, there are no anastomoses between 
both vessel types. Consequently, corona radiata and 
centrum semiovale are the most vulnerable brain zones to 
hemodynamic damage [5]. 

Currently there is no definite opinion on AFib-
associated impact on brain white matter because 
studies have to address high heterogeneity of patient 
population and variety of white matter changes. 
The study of community dwelling individuals sho-
wed no association of AFib with brain diffusion cha-
racteristics [6]. Other studies have demonstrated 
nega tive association of brain health and AFib [7], but 
also revealed stronger impact of permanent AFib [8]. 
However, there are no studies of white matter diffusion 
properties inside watershed areas of the brain. There is 
also a lack of data for calculating sample size of cost-
effective studies with diffusion tensor imaging (DTI) 
implementation. Hence, we conducted a pilot study 
in order to investigate association of AFib and white 
matter change in watershed areas. 

Material and methods
Patients. We evaluated patients admitted to Sechenov 

Hospital #1 for management of Afib. All patients provided 
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written informed consent and the study was approved by the 
local ethic review board. Inclusion criteria were as follows: 
1) Age ≥65 years, 2) AFib treated with direct oral anticoagulants 
(DOACs). Non-inclusion criteria were conditions that 
potentially affects white matter integrity: 1) stroke in the past, 
2) poorly controlled diabetes mellitus and/or hypertension, 
3)  lifetime smoking history of >100 cigarettes, 4) body mass 
index >30. All patients underwent screening ultrasound of head 
and neck vessels to detect significant atherosclerosis. If AFib 
lasted for ≥6 months it was considered to be permanent.

MRI. All subjects underwent brain MRI on a 3.0T 
MAGNETOM Skyra MR-scanner (Siemens AG, Germany) 
with standardized MRI protocol. In addition to standard pulse 
sequences, it included diffusion tensor imaging with following 
properties: DTI SE EPI (spin-echo echo-planar imaging) 
MDDW (Multi-Directional Diffusion Weighting). Diffusion 
gradients were applied along 30 noncollinear directions with a 

b value of 0 s/mm2 and 1000 s/mm2, symmetric FoV 220 mm, 
matrix 128×128 pixels, slice thickness 4 mm, TR 3700 ms, TE 
92 ms, NEX 1; MRI data was assessed independently by two 
neuroradiologists in regard to markers of small vessel disease 
and Fazekas grading.

MRI processing. DTI data were processed in Mrtrix3 
[9] and The FMRIB Software Library (FSL) toolbox as 
described previously [10]. In brief, images were denoised and 
motion corrected, then the non-brain tissues were stripped 
in FSL Brain Extraction Tool [11], and finally diffusion 
tensors were fitted in FSL FMRIB’s Diffusion Toolbox 
[12]. Individual DTI images were nonlinearly registered to 
Montreal Neurological Institute (MNI) standard space. 
For proper segmentation of watershed zones an empirical 
approach was implemented with the guidance of MNI 
vascular territories mask [13]. Right hemisphere external 
and internal watershed zones were manually segmented in 
ITK-SNAP and then they were mirrored to the contralateral 
hemisphere (Figure 1). Later this mask was used as a template 
to detect fractional anisotropy values in the following regions 
of interest: external watershed cortical areas (anterior 
cerebral and middle cerebral arteries; posterior and middle 
cerebral arteries) and internal watershed areas (mainly 
lenticulostriate and middle cerebral artery).

Manual ROI analyses. Manual ROI analysis was 
carried out with Olea Sphere 3.0-SP23 DTI plug-in, a 
part of MRI post-processing package by Olea Medical 
(Figure 2). Anterior thalamic radiation (ATR), corticospinal 
tract (CST), and inferior longitudinal fasciculus (ILF) were 
chosen to represent ACA-MCA, internal, and MCA-PCA 
watershed zones, respectively. ROI seeds were placed by 
trained neurologist according to the DTI tract atlas [14]. 
Initially, a larger seed was placed in the area of interest on 
a coregistered anatomical T1 image to reconstruct all of 
the fibers passing through the seed both on the anatomical 
image and on the diffusion map. Then, a more precise seed 
was placed in the ROI according to atlas data, reconstructed 
fibers, and anatomy.

Statistical analyses. Data were analysed in R (version 
4.0.3 under RStudio Version 1.3.1093). Non-parametric 

Figure 1.     Segmentation of watershed areas according to vascular territories.

Figure 2.     An example of manual ROI analysis. A seed of 0,1 cm2 is placed 
in the anterior thalamic radiation which corresponds to frontal 
watershed area.
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Wilco xon Rank test was implemented to compare subgroup 
of patients in regard to diffusion values inside ROIs. P values 
<0,05 were considered to be significant. Statistical power was 
calculated with help of effectsize [15] R package to calculate 
rank based effect size and wmwpow [16] package was used to 
calculate power.

Results
Thirty patients underwent the evaluation, the 

median age was 73 (IQR 69-78) years, 21 individuals 
had paroxysmal AFib, Table 1. None of the patients 
had major cognitive impairment as all individuals 

Table 1 
Demographic and clinical characteristics of the group

Total, n=30 Paroxysmal, n=21 Permanent, n=9 p-value
Age 73 (69-78) 72 (68-76) 77 (71-83) 0,13
Females 17 12 (57%) 5 (56%) 1,0

Deep white matter Fazekas
0 3 2 (10%) 1 (11%) 0,61
1 18 13 (62%) 5 (56%)
2 6 3 (14%) 3 (33%)
3 3 3 (14%) 0 (0%)

Periventricular Fazekas
0 1 1 (5%) 0 (0%) 0,62
1 18 13 (62%) 5 (56%)
2 9 5 (24%) 4 (44%)
3 2 2 (10%) 0 (0%)

Note: continuous variables are presented as median with interquartile range.

Table 2 
Diffusion characteristics across WSA with corresponding effect size and power

Watershed zone Diffusion  
characteristic

Permanent AFib
subgroup,
n=9

Paroxysmal AFib
subgroup,
n=21

p-value effect size power
(1 — betta)

ACA-MCA left FA 0,405 0,402 0,48 0,17 0,916
MD 0,000797 0,000791 0,68 0,1 0,99
AD 0,00116 0,001152 0,82 0,06 1
RD 0,00062 0,000609 0,54 0,15 0,96

ACA-MCA right FA 0,387 0,404 0,28 0,26 0,549
MD 0,000806 0,000789 0,48 0,17 0,916
AD 0,00117 1146 0,82 0,06 1
RD 0,000624 0,000623 0,96 0,02 1

PCA-MCA left FA 0,424 0,444 0,056* 0,45 0,062
MD 0,00085 0,0008 0,039* 0,49 0,05
AD 0,001262 0,001236 0,2 0,3 0,379
RD 0,000592 0,000601 0,72 0,09 1

PCA-MCA right FA 0,396 0,422 0,13 0,37 0,169
MD 0,000828 0,000803 0,3 0,24 0,641
AD 0,001206 0,001218 0,5 0,16 0,941
RD 0,000613 0,000604 0,56 0,14 0,975

Internal WZ left FA 0,528 0,537 0,59 0,13 0,986
MD 0,000767 0,000743 0,18 0,32 0,307
AD 0,00127 0,001246 0,22 0,29 0,419
RD 0,0005 0,000503 1 0 1

Internal WZ right FA 0,544 0,55 0,48 0,17 0,916
MD 0,000758 0,000716 0,26 0,26 0,549
AD 0,001238 0,001215 0,085 0,41 0,1
RD 0,000476 0,000479 1 0,001 1

Note: * — p-values with borderline significant (0,056) and significant (0,039) values; ACA — anterior cerebral artery, AD — axial diffusivity, FA — 
fractional anisotropy, MCA  — middle cerebral artery, MD  — mean diffusivity, PCA  — posterior cerebral artery, RD  — radial diffusivity, WSA  — 
watershed area.
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were independent in the activities of daily living. Most 
of the patients 18 (60%) had deep white matter and 
periventricular hyperintensities, which were rated at one 
point on a Fazekas scale.

Analysis of manually drawn ROI in ATR, CST, 
and ILF did not reveal differences between patients with 
paroxysmal and permanent AFib (data not shown).

Analyses according to watershed areas in MNI 
space found a significant difference between permanent 
and paroxysmal AFib subgroups in the region of the 
left parieto-occipital cortical watershed zone (Table  2). 
The pattern of marginally different FA (p=0,056) and 
significantly different MD (p=0,039) was revealed. 
Other areas either had equal diffusion tensor chara-
cteristics, or no conclusion regarding H0 could be drawn 
(Table 2). Diffusion values in the current sample had 
modest variability with subsequent low or negligible 
effect size. 

Discussion
Atrial f ibrillation broadly contributes to so-

called “brain health” and not only increases risk of 
stroke but potentially could be involved in cerebral 
small vessel disease via several mechanisms. 
Interaction of altered cardiac cycle and properties 
of cerebral blood supply is a pathologically plausible 
mechanism of SVD, and the additive effect of 
microembolism further increases the risks of brain 
damage. Our data suggest a decreased white matter 
integrity in one of the cortical WSA at the MCA-
PCA junction in patients with permanent AFib, 
but no cause for this lateralization could be drawn 
from the data. The pattern of increased MD and 
decreased FA was previously shown to be associated 
with altered composition of white matter and its 
demyelination [17]. 

According to the individual blood supply features, 
the WSA location can have interindividual variations 
[18]. This feature of cerebral vasculature requires MR 
data to be normalized to increase validity of the analysis 
being performed and strengthen the statistical power of 
such analysis in small sample studies. 

Current study was implemented to test the 
hypothesis of altered white matter integrity in WSA in 
patients with permanent AFib due to pathophysiologic 
mechanism of hypoperfusion. Another aim of this study 
was to evaluate a feasibility of that kind of analysis in a 
relatively small subset of patients. Our data has shown 
that values of diffusion characteristics do not have broad 
variability in a selected group of individuals — a feature 
that should be taken into consideration in upcoming 
studies. Current data suggest that preliminary cost-
effective sample of 30 individuals allows for hypothesis 
testing with help of nonparametric tests. Also, current 
study did not correct for multiple comparisons, the 
amount of calculation carried out is small and was 
performed in previously defined areas.

Conclusion
Atrial f ibrillation could contribute to cerebral 

microstructure integrity via multiple mechanisms, 
and interaction of altered cardiac cycle and inherent 
properties of cerebral circulation is a plausible 
pathogenetic mechanism for small vessel disease 
manifestation in watershed areas. Our data suggest 
an altered white matter integrity in one of the cortical 
watershed areas in individuals with permanent 
fibrillation, but no causality could be implied. This 
concept should be addressed in future studies with 
larger sample size. It is possible to perform analysis 
of DTI data in small sample, cost-effective studies 
to draw conclusions with statistical power of ≥80% 
or to decline the H0 hypothesis with rank-based 
nonparametric tests even though the effect size is 
either small or negligible. 

Relationships and Activities. The reported study 
was funded by RFBR according to the research project 
№  19-015-00383. The sponsor provided financial 
support for the conduct of the research and did not 
participate in preparation of the article, study design, 
collection, analysis and interpretation of data, writing of 
the report, and in the decision to submit the article for 
publication.
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