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A B S T R A C T

Objective: Central artery stiffness is a confirmed predictor of cardiovascular health status that has been con-
sistently associated with cognitive dysfunction and dementia. The European Society of Hypertension has es-
tablished a threshold of arterial stiffness above which a cardiovascular event is likely to occur. However, the
threshold at which arterial stiffness alters brain integrity has never been established.
Methods: The aim of this study is to determine the arterial stiffness cut-off value at which there is an impact on
the white matter microstructure. This study has been conducted with 53 cognitively elderly without dementia.
The integrity of the white matter was assessed using diffusion tensor metrics. Central artery stiffness was
evaluated by measuring the carotid-femoral pulse wave velocity (cfPWV). The statistical analyses included 4
regions previously denoted vulnerable to increased central arterial stiffness (the corpus callosum, the internal
capsule, the corona radiata and the superior longitudinal fasciculus).
Results: The results of this study call into question the threshold value of 10m/s cfPWV established by the
European Society of Hypertension to classify patients in neuro-cardiovascular risk groups. Our results suggest
that the cfPWV threshold value would be approximately 8.5 m/s when the microstructure of the white matter is
taken as a basis for comparison.
Conclusions: Adjustment of the cfPWV value may be necessary for a more accurate distinction between lower
and higher risk group of patients for white matter microstructural injury related to arterial stiffness. Targeting
the highest risk group for prevention methods may, in turn, help preserve brain health and cognitive functions.

1. Introduction

Age-related cognitive decline is of increasing concern among the
elderly (Deary et al., 2009; Sala et al., 2015). Thus, uncovering the
complex mechanisms underpinning cognitive decline in the elderly may
help tailor future interventions in order to preserve cognitive perfor-
mance throughout the lifespan. Normal aging is associated with an
increase in central artery stiffness resulting in accelerated pulse wave

velocity (PWV) and downstream microvascular dysfunctions that could
contribute to damage end-organs such as the brain (Hansen and Taylor,
2016). Although the association between arterial stiffness and cognitive
decline is still poorly understood (Laurent et al., 2001), arterial stiffness
has been consistently associated with white matter (WM) lesions, in
particular WM hyperintensities. Whether these WM lesions are re-
versible or irreversible during aging is still a matter of debate, however,
they may be preceded by microstructural changes that can be detected
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with diffusion tensor imaging (DTI). Indeed, in a study looking at DTI
changes within WMHs (white matter hyperintensities) over a three year
period in cognitively unimpaired elderly, Maillard et al. showed sig-
nificant DTI changes over time in these WMHs, but no change in T2w
Flair images (Maillard et al., 2014). By allowing a more detailed
characterization of the underlying tissue microstructure compared to
conventional MRI techniques, DTI may allow the identification of early
microstructural changes before the appearance of more pronounced
WM damage and offer a potential tool for early prediction of cognitive
dysfunction (Badji et al., 2019; Jones, 2011; Maillard et al., 2014).

Few studies have employed DTI to assess WM microstructural
changes in relation to arterial stiffness (Badji et al., 2018; de Groot
et al., 2013; Maillard et al., 2017, 2016; Tarumi et al., 2015). Findings
from these studies have identified 4 WM regions as being vulnerable to
increased carotid-femoral pulse wave velocity (cfPWV) which is the
gold standard for measurement of arterial stiffness (Laurent et al.,
2006): the corpus callosum, the internal capsule, the corona radiata and
the superior longitudinal fasciculus (Badji et al., 2018; Maillard et al.,
2017, 2016; Tarumi et al., 2015).

Recently, a critical cut-off value of cfPWV of 10m/s has been sug-
gested by a study group on behalf of the Artery Society, the European
Society of Hypertension Working Group on Vascular Structure and
Function, and the European Network for Noninvasive Investigation of
Large Arteries (Butlin and Qasem, 2017; Van Bortel et al., 2012). The
same cut-off value has also been adopted by the European Society of
Hypertension guidelines for hypertension management (Williams et al.,
2018). This cut-off value has been estimated while considering the
additive value of arterial stiffness beyond traditional risk factors in
order to predict the occurence of a cardiovascular event. However, the
threshold at which arterial stiffness alters brain integrity has never been
established. The aim of this study is to use WM sensitive techniques to
estimate the cut-off value at which arterial stiffness impacts the mi-
crostructure of WM and ultimately cognition in healthy elderly. Con-
sidering the fact that DTI metrics are tailored to detect the first subtle
WM microstructural changes associated with arterial stiffness, we hy-
pothesized that 1) the microstructural information from the vulnerable
regions to arterial stiffness would allow the estimation of the cfPWV
cut-off value that best identify individuals at higher risk for structural
changes and cognitive decline and 2) that microstructural changes in
the WM regions previously shown to be vulnerable to central artery
stiffness would translate into a decrease in cognitive flexibility perfor-
mance in participants above the cfPWV cut-off.

2. Material and methods

2.1. Study participants

Seventy-three healthy elderly between 65 and 75 years of age were
recruited at the Centre de Recherche de l'Institut Universitaire de
Gériatrie de Montréal (CRIUGM) via a telephone-based screening in-
terview aiming to assess their eligibility. Participants underwent an
exhaustive medical assessment conducted by a physician including
blood analysis and neuropsychological assessment. Individuals with a
history of major psychiatric or neurological disorders, uncontrolled
hypertension, diabetes mellitus, heart failure (level III-IV), myocardial
infarction (in the previous 3months), cardiac arrhythmia, rheumatic
mitral valve disease, liver failure, renal failure (creatinine clearance of
<30mL/min), stroke, non-compensated thyroid disorder, respiratory
problems (i.e. asthma, emphysema), metallic implants and/or pace-
maker claustrophobia, current or history of alcohol or drug abuse as
well as current smoking were excluded from participation. Participants
with a Mini-Mental State Examination score below 26 were also ex-
cluded. Ethics approval was obtained from the ethical review board of
the CRIUGM and the Montreal Clinical Research Institute. An informed
consent approved by the local institutional review board was signed by
each participant.

From all participants that were recruited, twelve participants vo-
luntarily withdrew themselves from the study for personal reasons, two
were excluded and one didn't complete the last part of the study in-
cluding the MRI. Among the 58 participants from which we obtained
the MRI images, one was excluded due to an incidental finding, and
four were excluded from this study due to missing data (either cfPWV
or blood pressure measurements). Therefore, in this study, we only
considered the remaining 53 participants. Based on previous imaging
studies in which MRI-DTI techniques have been used to detect differ-
ences in WM integrity associated with psychiatric disorders, we esti-
mate the Cohen's effect size for a biologically relevant change (15%) to
be 1.2. An a priori power analysis, assuming this effect size, for a Type I
error rate of α=0.01 and a power (1-ˇβ) of 0.95 indicates that 27
samples per condition are required. A sample size of 27 patients per
group should allow detection of <15% difference in WM integrity
between groups. A similar study with a group of 54 subjects showed a
correlation between cfPWV, DTI metrics and cognitive measures
(Tarumi et al., 2015).

Among our participants, 14 were on antihypertensive medications,
7 were on angiotensin converting-enzyme inhibitors, 3 were on calcium
channel blockers, 2 were on angiotensin converting-enzyme inhibitors
and calcium channel blockers, 1 was on an angiotensin converting-en-
zyme inhibitor and hydrochlorothiazide, and 1 was on a calcium
channel blocker and hydrochlorothiazide. Sample characteristics of all
participants can be found in Table 1.

2.2. Cardiovascular measurements

The cfPWV and the 24 h SBP measurements were performed by the
same trained expert (Adrian Noriega, MD) using an established re-
producible protocol. The cfPWV was measured using arterial applana-
tion tonometry following the Van Bortel protocol (Van Bortel et al.,
2012). The SphygmoCor system (AtCor Medical Pty Ltd) was used to
compute the cfPWV as described by Laurent et al. (2006). The cfPWV
was measured twice by dividing arterial pulse traveling distance by the
transit time, and expressed in meters per second. The arterial pulse
traveling distance was measured as the straight distance between the
carotid and femoral measurement sites using a tape ruler, whereas the
transit time was determined from the time delay between the proximal
and distal “foot” waveforms. The cfPWV was then calculated by taking
the mean of the two measurements. However, when the difference
between the two measurements was >0.5m/s, a third measurement
was taken and the median value of all 3 measures was computed. The
cfPWV measurements were performed during the same time of the day
across subjects (between 09:00–12:00 pm) to minimize the effects of
diurnal variations following the Van Bortel protocol (Van Bortel et al.,
2012).

In addition, a 24 h Ambulatory Blood Pressure Monitoring 90,207-
3Q model (Spacelabs Healthcare®) was installed in the patient's non-
dominant arm following the recommendation of Hypertension Canada
(Nerenberg et al., 2018), in order to get blood pressure measurements
every 30min during 24 h. To calibrate the 24 h Ambulatory Blood
Pressure Monitoring device, conventional blood pressure was measured
manually by a sphygmomanometer (Korotkoff phases I and IV) after the
subjects rested in supine position for at least 15min. All measurements
were completed after at least 3 h of abstinence from alcohol, caffeinated
beverages, and intense physical activity as suggested by the Van Bortel
protocol (Van Bortel et al., 2012).

2.3. Neurocognitive assessments

The Trail Making Test parts A (TMTA) and B (TMTB) (Tombaugh,
2004) were administered and scored independently by the same trained
expert (Adrián Noriega, MD). During the TMTA, participants had to
connect a series of numbers in the correct order as fast as possible (i.e.
1–2-3, etc.) while during the TMTB, participants had to connect
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numbers and letters by matching them in ascending order (i.e. 1-A-2-B,
etc.). In this study, we considered the difference between the time spent
in completing the TMTB and TMTA in seconds as a measure of cognitive
flexibility (Corrigan and Hinkeldey, 1987; Reitan, 1958).

2.4. Brain MRI analysis

We used DTI measures of Fractional anisotropy (FA) and Radial
diffusivity (RD) as measures of WM microstructure.

MRI data was acquired at 3 T (MAGNETOM Prisma Fit, Siemens
Healthineers, Erlangen, Germany) using a 32-channel head coil.
Diffusion weighted-imaging images were acquired using echo planar
imaging with factor= 3 simultaneous multislice acceleration
(Setsompop et al., 2012). Axial slices of 2.0mm isotropic were acquired
parallel to the posterior-anterior commissure line, encoded with 3 b-
value shells: 300/1 k/2 k s/mm2, along: 7/29/64 directions, 9 b=0,
and a scan duration of 4.37min. Other acquisitions parameters were:
imaging matrix= 110×110, FOV=220×220 mm2, Echo Time
(TE)= 63ms and Repetition Time (TR)=2200ms.

Processing of diffusion data was performed using the Toolkit for
Analysis in Diffusion MRI (TOAD) (http://unf-montreal.ca/toad) and
included: motion and eddy current distortion correction, denoising and
calculation of FA and RD metrics by fitting a diffusion tensor model to
the pre-processed diffusion data as previously reported (Badji et al.,
2018). To minimize partial volume effects from gray matter and cere-
brospinal fluid, an FA threshold of 0.20 was set for all voxels.

The FA and RD maps were registered to the Johns Hopkins
International Consortium for Brain Mapping (ICBM) FA template using
the Ants non-linear registration tools (Avants et al., 2011). The regis-
tration procedure is well described in a previous publication (Badji
et al., 2018). The four regions of interest (the corpus callosum, the
internal capsule, the corona radiata and the superior longitudinal fas-
ciculus) were obtained from the ICBM-DTI-81 WM atlas (Mori et al.,
2008) and were composed of 3, 6, 6 and 2 tracts respectively (Table 2),
for a total of 17 tracts.

2.5. Statistical analysis

The goal of the statistical analysis was to use WM metrics such as FA

and RD to determine the optimal cfPWV cut-off value that best iden-
tifies individuals at higher risk for structural changes and cognitive
decline following arterial stiffness.

2.5.1. Estimation of the cfPWV optical cut-off value
Firstly, a non parametric test was used to compare the demographic,

cardiovascular, neuropsychological and MRI measurements between
the groups below and above the 10m/s cfPWV cut-off value suggested
by the literature.

Secondly, a maximally selected rank statistics (Lausen and
Schumacher, 1992), implemented in the maxstat R package (http://
cran.r-project.org/web/packages/maxstat/index.html), was used to
estimate an approximate cfPWV cut-off value that yields a good se-
paration of observations in two groups with respect to the WM micro-
structural information of each region of interest. For every reasonable
cut-off in cfPWV data value, participants are separated into two groups,
then a standardized Wilcoxon rank test is computed to compare the DTI
metrics of the two groups. The Wilcoxon test is a rank based non-
parametric test for comparing two groups of observations without

Table 1
Sample characteristics of all participants including a comparison of drug-naive participants and those on anti hypertensive (Anti-HT) Treatment.

All On Anti-HT treatment Drug naîve P-value

Women/men (N) 39/14 (53) 7/7 (14) 30/9 (39) 0.066
Age (years) 69.95 ± 3.33 70.10 ± 3.08 69.79 ± 3.44 0.880
Education (years) 16.42 ± 3.43 17.07 ± 3.03 15.97 ± 3.56 0.089
Height (m) 1.62 ± 0.08 1.61 ± 0.072 1.63 ± 0.087 0.486
Weight (kg) 70.04 ± 13.39 71.66 ± 12.97 69.53 ± 13.82 0.029

Neurocognitive measures
MMSE score 29.35 ± 0.83 29.50 ± 0.94 29.28 ± 0.81 0.325
MoCA score 27.89 ± 2.17 27.73 ± 1.75 28.22 ± 1.94 0.115
TMTB-A (s) 36.35 ± 17.17 37.73 ± 16.08 35.78 ± 17.79 0.246

Cardiovascular measures
24 h SBP (mmHg) 125.87 ± 11.67 128.20 ± 10.63 125.00 ± 12.17 0.657
24 h DBP (mmHg) 73.49 ± 7.45 76.00 ± 7.10 72.53 ± 7.64 0.275
24 h HR (bpm) 69.81 ± 7.69 68.53 ± 7.18 70.47 ± 8.07 0.777
cfPWV (m/s) [range] 9.14 ± 2.19 [5.2–15.1] 9.26 ± 2.64 9.10 ± 2.07 1.000

White matter measures
FA_t 0.53 ± 0.02 0.45 ± 0.01 0.44 ± 0.01 0.183
RD_t (10−4 m2/s) 4.78 ± 1.88 4.80 ± 1.28 4.77 ± 1.96 0.190
FA_ROI 0.53 ± 0.02 0.52 ± 0.02 0.53 ± 0.01 0.323
RD_ROI (10−4 m2/s) 4.61 ± 2.40 4.61 ± 1.43 4.60 ± 2.55 0.267

Values are mean ± standard deviation. MMSE=Mini-Mental State Exam, MoCA=Montreal cognitive assessment, TMTB-A=Trail Making test Part B-A,
SBP= systolic blood pressure, DBP=Diastolic blood pressure, HR=Heart rate, cfPWV=carotid-femoral pulse wave velocity, FA= Fractional Anisotropy,
RD=Radial diffusivity, FA_t= FA in total white matter, RD_t=RD in total white matter, FA_ROI= FA in our 4 regions of interest, RD_ROI=RD in our 4 regions of
interest, ROI are the corpus callosum, the internal capsule, the corona radiata and the superior longitudinal fasciculus. Bold: P-value<.05.

Table 2
White matter regions and white matter tracts of interest extracted from the
ICBM-DTI-81 WM atlas.

White matter regions White matter tracts Tract ID

Corpus callosum Genu 1
Body 2
Splenium 3

Internal capsule Anterior Right 4
Left 5

Posterior Right 6
Left 7

Retrolenticular part Right 8
Left 9

Corona radiata Anterior Right 10
Left 11

Superior Right 12
Left 13

Posterior Right 14
Left 15

Superior longitudinal fasciculus Right 16
Left 17
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assuming a particular distribution (Wilcoxon, 1945). The value of the
statistics of Wilcoxon rank statistic was recorded and plotted against the
cfPWV data value. The higher the statistics, the more significant is the
cut-off. The data value corresponding to the highest Wilcoxon rank
statistic is identified as the optimal cut-off. For sensitivity estimation,
the conditional Monte-Carlo method was used as the p-value approx-
imation method.

Thirdly, in the light of the findings from this analysis, a cfPWV cut-
off value was iterated from 10 to 7.5m/s with a step size of 0.5m/s,
yielding six different grouping conditions. Next, a Wilcoxon rank sum
test was used for groupwise comparisons of all tracts of interest
(Table 2) using FA and RD. Here we used all 17 tracts, as opposed to the
4 regions of aggregated tracts, to highlight subtle differences between
tracts within a large region. These differences could vanish after ag-
gregating all other tracts. In addition, TMTB-A, age, cfPWV and SBP
were compared for each grouping condition.

2.5.2. Association between cognitive performance and white matter integrity
Finally, we also wanted to test the presence of an association be-

tween cognitive flexibility performance and the microstructural in-
tegrity of the WM regions shown to be vulnerable to arterial stiffness,
namely the corpus callosum, the internal capsule, the corona radiata
and the superior longitudinal fasciculus. Therefore, we used a partial
correlation between TMTB-A and both FA and RD measurements with
the following covariates: age, sex, educational level (years of
schooling). For the sake of clarity, in this analysis mean values of FA
and RD were extracted from the 4 WM regions of interest encompassing
the 17 tracts analyzed in the previous section. This partial correlation
analysis was carried out 1) in the whole cohort, 2) in individuals below
and above a cfPWV of 8.5 m/s independently and 3) in individuals
below and above a cfPWV of 10m/s independently. We also performed
a linear regression with TMTB-A as the dependent variable and either
measure of FA or RD as the independent variable, adjusting for age, sex
and educational level (years of schooling).

2.5.3. Precision about the statistical analysis
All tests except from maximally selected rank statistics were im-

plemented on SPSS (IBM SPSS 25 Statistics, Chicago, IL).
Maximally selected rank statistics were implemented in R (R version

3.5.1 MA, USA). Correction for multiple comparisons was achieved
using the false discovery rate procedure described by Benjamini and
Hochberg (1995). The bound on the number of expected false discovery
rate for each MRI metrics was set to 0.05. As the thresholds under the
Benjamini-Hochberg procedure rely not only on the number of tests (as
with Bonferroni), but also on the calculated p-value for each test (all p-
values are ranked and then assigned a specific correction factor), we
decided for the sake of clarity to show original (non-adjusted) p-values
and only highlight the ones that were found significant after correction
for all statistical analysis. In addition, the critical adjusted p-value for
each case (called “crit”) is shown in the figure legend.

3. Results

3.1. Assessment of cfPWV cut-off value

Table 3 permits us to assess if the suggested cfPWV cut-off value of
10m/s allow for a good separation of observations in two groups with
regard to the earliest differences in brain structure. Compared to the
participants with cfPWV above the cut-off, the participants below the
cut-off demonstrated no significant difference in cardiovascular out-
comes (other than cfPWV with p< .001). In addition, no differences
were found in neuropsychological measurements or the measures of
DTI metrics (FA and RD), which assess the WM microstructure. A slight
significant difference (p= .043) was observed for the parameter
“Education”, which could be explained by our relatively small sample
size.

To assess the threshold at which cfPWV predicts WM alterations, a
maximally selected rank statistics was first adopted and identified a
cfPWV cut-off value for each of our regions of interest using FA and RD
(Figs. 1, 2).

Using FA, a minimum of 8.6m/s cfPWV cut-off value was observed
in all 4 regions of interest (Fig. 1B: The corpus callosum (p= .011), the
internal capsule (p= .002), the corona radiata (p= .004) and the su-
perior longitudinal fasciculus (p= .019). However, it is noteworthy to
notice that the highest Wilcoxon rank statistic (M=3.65) is identified
when taking into account the FA values in the internal capsule.

Fig. 2B shows that using RD, a minimum of 8.5m/s cfPWV cut-off
value was observed for the corona radiata (p= .050, M=2.78).
However, the highest Wilcoxon rank statistic (M=3.25) is identified
for a 8.6 m/s cut-off value when taking into account the RD values in
the internal capsule (p= .013).

Taken together, these findings indicate that the cut-off value of
10m/s may be higher than the desired value to classify patients into
neurocardiovascular risk groups (Table 3, Figs. 1, 2). Specifically, our
results suggest that a cfPWV cut-off value of around 8.5m/s is more
promising for classification of risk groups for individuals with targeted
brain damage and cognitive dysfunction.

Moreover, we compared our suggested cfPWV cut-off of 8.5m/s
with the previously recommended cut-off of 10m/s through the com-
parison of the leave-one-out cross-validation root mean square error
(RMSE) of the univariate regression of the outcomes over the cfPWV
variable dichotomized according to these two thresholds. For this
comparison, we used the FA and RD values in the internal capsule be-
cause these measures were associated with the highest Wilcoxon rank
statistic (Figs. 1, 2). Our results indicate that the suggested cfPWV cut-
off of 8.5m/s yields to a 9.79% and 8.56% decrease of the RMSE
compared to the 10m/s cut-off indicated in the literature for FA and RD
respectively, which further strengthens our findings (Table 3, Figs. 1,
2).

3.2. Groupwise comparison of WM metrics

Wilcoxon rank sum results for testing the difference between WM

Table 3
Sample characteristics of below and above carotid-femoral pulse wave velocity
participants.

Below 10m/s Above 10m/s p value

Women/men (n) 27/11 10/5 0.751
Age (years) 70.20 ± 3.40 69.33 ± 3.17 0.429
Education (years) 17.03 ± 3.40 14.87 ± 3.11 0.043
Height (m) 1.63 ± 0.08 1.63 ± 0.10 0.112
Weight (kg) 68.21 ± 13.40 74.70 ± 12.73 0.693

Neurocognitive measures
MMSE 29.42 ± 0.76 11.90 ± 1.48 0.437
MoCA 28.11 ± 1.92 27.33 ± 2.69 0.539
TMTB-A (s) 43.21 ± 31.56 33.87 ± 16.20 0.396

Cardiovascular measures
24 h SBP (mmHg) 124.16 ± 10.73 130.20 ± 13.19 0.066
24 h DBP (mmHg) 72.97 ± 8.11 74.80 ± 5.50 0.318
24 h HR (bpm) 68.79 ± 7.87 72.40 ± 6.79 0.097
cfPWV (m/s) 8.06 ± 1.30 11.90 ± 1.50 0.000

White matter measures
FA-t 0.45 ± 0.01 0.44 ± 0.02 0.782
RD-t (10−4 m2/s) 4.77 ± 1.62 4.59 ± 1.92 0.921
FA-ROI 0.53 ± 0.02 0.54 ± 0.02 0.228
RD-ROI (10−4 m2/s) 4.78 ± 2.16 4.80 ± 2.16 0.797

Values are mean ± standard deviation. MMSE=Mini-Mental State Exam,
MoCA=Montreal cognitive assessment, TMTB-A=Trail Making test Part B-A,
SBP= systolic blood pressure, DBP=Diastolic blood pressure, HR=Heart
rate, cfPWV= carotid-femoral pulse wave velocity, FA=Fractional
Anisotropy, RD=Radial diffusivity. Bold: P-value<.05.
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metrics of subjects grouped by the varying values of cfPWV from 10 to
7.5 m/s (with the step size of 0.5) are shown in Fig. 3. Here, we used all
17 tracts (as opposed to the 4 regions of aggregated tracts) as men-
tioned in the statistical analysis section. Neither WM metrics showed
significant differences between resultant groups for the cfPWV cut-off
value of 10m/s suggested by the current literature (Williams et al.,
2018). Few significant differences occurred as the cut-off value gradu-
ally decreased from 10 to 9.5m/s. Interestingly, the number of sig-
nificantly different FA and RD regions were remarkably increased for
the cut-off values of 8 and 8.5 m/s, emphasizing their promise in clas-
sification of subjects into neurocardiovascular risk groups. These

findings are in agreement with those obtained from maximally selected
rank statistics (Figs. 1 and 2). Moreover, the same groupwise compar-
isons across the 4 regions of interest (Fig. S1) highlights similar results,
meaning that the number of significantly different FA and RD regions
were increased for the cut-off value of 8 and 8.5m/s.

Groupwise comparison was also performed to test if any of these
grouping thresholds entails a risk of biasing the statistics by separating
significantly different means for covariates and tests scores. Findings
from this inspection did not reveal any significant differences for age,
sex and cognitive tests (Table 4). However, SBP was significantly dif-
ferent between resultant groups for the cfPWV cut-off value gradually

Fig. 1. Estimation of carotid-femoral pulse velocity (cfPWV) cut-off value using fractional anisotropy (FA).
cfPWV (m/s) was estimated with maximally selected log-rank statistic and conditional Monte-Carlo as the p-value approximation method across white matter
microstructure and 4 regions of interests. A. Density histogram of (FA) values per regions, B. Standardized log-rank statistics of all possible cut-off values, indicating
the optimal cut-off as determined by the maximum standardized Wilcoxon rank statistic [M]. SLF: Superior longitudinal fasciculus. Significant p-values are corrected
for multiple comparisons (adjusted threshold with FDR was 0.05).

Fig. 2. Estimation of carotid-femoral pulse velocity (cfPWV) cut-off value using radial diffusivity (RD).
cfPWV (m/s) was estimated with maximally selected log-rank statistics and conditional Monte-Carlo as the p-value approximation method across white matter
microstructure and 4 regions of interests. A. Density histogram of Radial diffusivity (RD) values per regions, B. Standardized log-rank statistics of all possible cut-off
values, indicating the optimal cut-off as determined by the maximum standardized Wilcoxon rank statistic [M]. SLF: Superior longitudinal fasciculus. Significant p-
values are corrected for multiple comparisons (adjusted threshold with FDR was 0.025).

A. Badji, et al. NeuroImage: Clinical 26 (2020) 102007

5



decreasing from 9.5 to 8.5 m/s as well as for the cfPWV cut-off value of
7.5 m/s.

3.3. The relation between WM microstructure integrity and cognitive
flexibility

The results of the partial correlation between the cognitive flex-
ibility performance and the microstructural WM integrity across the
whole cohort (Figs. 4 and 5) shows that there is a significant association
between cognitive flexibility (Trail Making Test B-A) and RD in the
brain regions vulnerable to arterial stiffness after correction for mul-
tiple comparisons (r=0.388, p= .005).

When dividing the cohort into two groups: participants with a
cfPWV above or below our estimated 8.5m/s cut-off, we can see that a
longer time to complete the Trail Making Test part B-A was associated
with a lower level of FA (r=−0.409, p= .028) for participants with a
cfPWV above 8.5 m/s (Fig. 4). However, this association did not remain
significant after correction for multiple comparisons. In addition, Fig. 5
shows that a longer time to complete the Trail Making Test B-A was
associated with a higher level of RD (r=0.523, p= .004) for partici-
pants above 8.5 m/s cut-off value after correction for multiple com-
parisons. In contrast, no association was found between RD and cog-
nitive flexibility in individuals with a cfPWV below 8.5 m/s.

On the contrary, when dividing the cohort into two groups based on
the 10m/s cfPWV cut-off value adopted by the European Society of
Hypertension, Fig. 4 shows no association between cognitive flexibility
and either FA and RD in any grouping condition. However, Fig. 5 shows
a significant correlation between cognitive flexibility and RD in in-
dividuals with a cfPWV below 10m/s.

It should be noted that two outliers were found based on boxplot
examination with SPSS of the Trail Making Test B-A variable. Although
we do not have a reason to exclude those participants from the current
study considering our set of inclusion and exclusion criteria, correlation
analysis was also performed after removing these outliers. The
(r=0.353, p= .071).

Moreover, Table 5 shows that FA and RD measures in the corpus
callosum were significant predictors of TMTB-A performances
(p= .008 and p= .003 respectively) in participants with cfPWV value
above 8.5m/s while no region of interest was found to be a predictor of
TMTB-A in participants with cfPWV below 8.5m/s (Table 5). In addi-
tion, RD measure in the corona radiata was found to be a significant
predictor of TMTB-A performance (p= .004) (Table 5). In contrast,
cognitive flexibility was not found to be associated with any FA and RD
measures in individuals with a cfPWV above 10m/s or below 10m/s

Fig. 3. Groupwise comparison of white matter microstructure metrics between subjects with varying carotid-femoral pulse wave velocity (cfPWV).
Heatmaps showing p-values (top panel) and categorical value of significance in red if p< .05 (bottom panel), from GroupWise comparison between subjects
separated by varying (with a step size of 0.5) cfPWV cut-off values from 10 to 7.5 m/s, for given regions. For this analysis, all 17 tracts (as opposed to the 4 regions of
aggregated tracts) were included.

Table 4
Sample characteristics of all groups. p-value between lower vs higher cfPWV
subjects for each measurement.

cfPWV cut-off
value

Lower cfPWV (n) Higher cfPWV (n) p value

10 All 38 15
Age (years) 70.20 ± 3.40 69.95 ± 3.33 0.43
cfPWV (m/s) 8.06 ± 1.30 11.90 ± 1.50 <0.01
24 h SBP
(mmHg)

124.16 ± 10.73 130.20 ± 13.19 0.07

TMTB-A (s) 43.21 ± 31.56 33.87 ± 16.20 0.40
9.5 All 34 19

Age (years) 70.13 ± 3.33 69.63 ± 3.40 0.63
cfPWV (m/s) 7.86 ± 1.20 11.40 ± 1.60 <0.01
24 h SBP
(mmHg)

123.82 ± 9.96 129.53 ± 13.77 0.06

TMTB-A (s) 42.88 ± 33.85 36.42 ± 17.33 0.79
9 All 28 25

Age (years) 70.00 ± 3.22 69.90 ± 3.51 0.94
cfPWV (m/s) 7.54 ± 1.08 10.93 ± 1.66 <0.01
24 h SBP
(mmHg)

123.07 ± 9.73 129.00 ± 13.01 <0.05

TMTB-A (s) 46.96 ± 34.51 33.40 ± 16.92 0.12
8.5 All 21 32

Age (years) 69.64 ± 3.26 70.16 ± 3.41 0.54
cfPWV (m/s) 7.10 ± 0.88 10.48 ± 1.70 <0.01
24 h SBP
(mmHg)

122.14 ± 10.23 128.31 ± 12.06 <0.05

TMTB-A (s) 40.86 ± 18.31 40.38 ± 33.49 0.29
8 All 18 35

Age (years) 69.47 ± 3.16 70.20 ± 3.43 0.45
cfPWV (m/s) 6.91 ± 0.80 10.29 ± 1.75 <0.01
24 h SBP
(mmHg)

122.00 ± 10.67 127.86 ± 11.81 0.06

TMTB-A (s) 41.83 ± 18.56 39.91 ± 32.35 0.28
All 12 41

7.5 Age (years) 68.87 ± 2.72 70.27 ± 3.45 0.22
cfPWV (m/s) 6.5 ± 0.64 9.92 ± 1.85 <0.01
24 h SBP
(mmHg)

118.92 ± 9.80 127.90 ± 11.49 <0.05

TMTB-A (s) 42.00 ± 20.92 40.15 ± 30.26 0.45

cfPWV (m/s)= carotid-femoral pulse wave velocity, SBP (mmHg)= systolic
blood pressure, TMTB-A=Trail Making test Part B-A. Significant p-values are
in bold.
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Fig. 4. Scatter plots showing simple 8.5 m/s carotid-femoral pulse wave velocity (cfPWV) cut-off value and 3) the group below and above the 10m/s cfPWV cut-off
value.
Mean values of FA and RD were extracted from the white matter regions that are associated with carotid-femoral pulse wave velocity. Significant p-values (corrected
for multiple comparisons) are in red bold font (adjusted threshold with FDR was 0.01).

Fig. 5. Scatter plots showing simple correlations of radial diffusivity (RD) with the scores from the Trail Making test B-A for 1) the whole cohort, 2) the group below
and above the 8.5 m/s carotid-femoral pulse wave velocity (cfPWV) cut-off value and 3) the group below and above the 10m/s cfPWV cut-off value.
Mean values of FA and RD were extracted from the white matter regions that are associated with carotid-femoral pulse wave velocity. Significant p-values (corrected
for multiple comparisons) are in red bold font (adjusted threshold with FDR was 0.03).
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(Table 6).

4. Discussion

While previous studies estimated a cfPWV cut-off value of 10m/s
while considering the additive effects of arterial stiffness above tradi-
tional risk factors in the incidence of cardiovascular events, the present
study represents the first to estimate the cfPWV cut-off value at which

arterial stiffness impacts the WM microstructure and ultimately cogni-
tion in healthy elderly without dementia.

The stiffening of large arteries (e.g. the aorta) increases flow pul-
sations through the carotid and vertebral arteries which eventually
extend deep into the brain microvasculature. This often leads to vas-
cular rupture, micro-hemorrhages, endothelial denudation and/or
thrombotic obstruction resulting in lower cerebral blood flow
(Henskens et al., 2008; O'rourke and Hashimoto, 2007). One can note
that lower cerebral blood flow as a result of arterial stiffening can affect
the deep WM tracts. This impact on the WM tracts is due to their
geographic localization within areas perfused by long medullary ar-
terioles arising from the anterior and middle cerebral arteries where
arterial pulsatility may be at the highest (Brown and Thore, 2011;
Rosano et al., 2013). Thus, in this study, we used DTI metrics, which are
sensitive to microstructural changes in the WM, to allow an early de-
tection of the relationship between central artery stiffness and brain
integrity.

The major findings from this study are as follows: first, our findings
reveal that the suggested 10m/s cfPWV cut-off value may not be the
optimal threshold to split individuals into high and low neurovascular
risk groups. Instead, our findings suggest that this cut-off value is more
likely to fall around 8.5m/s when downstream effects of hemodynamic
alterations to overall WM integrity are taken as the ground for com-
parison. Second, an altered microstructural integrity of the vulnerable
regions to arterial stiffness seems to be associated with a decline in
cognitive flexibility performance (longer time to complete the TMTB-A)
in participants with a cfPWV value above 8.5 m/s, suggesting that
preserving the white matter microstructure in vulnerable individuals
may be used to help preserve brain integrity and ultimately cognitive
function.

4.1. The estimation of a cfPWV cut-off value

Several longitudinal and epidemiological studies have focused on
the predictive value of aortic stiffness in cardiovascular risk manage-
ment (Laurent et al., 2007, 2006; Vlachopoulos et al., 2010). In 2007, a
PWV of 12m/s was suggested as the critical upper limit for occurrence
of cardiovascular events by the European Society of Hypertension/
European Society of Cardiology (Mancia et al., 2007). This cut-off value
of 12m/s was based on the 100% direct common carotid artery and
femoral artery distance measurement Laurent et al. (2006). After
standardization of the arterial pulse traveling distance measurement
between the carotid and femoral measurements sites, this limit was
then adjusted to 10m/s by an expert consensus (Van Bortel et al., 2012)
using the 80% of the direct carotid-femoral distance (common carotid
artery - common femoral artery x 0.8) (Laurent et al., 2006). This latest
cut-off value was established according to its cardiovascular con-
sequences and risk of mortality and was not estimated by focusing on its
effect in the brain. In fact, the cut-off value for the effect of arterial
stiffness in the brain has not been previously defined (Badji et al., 2019;
Suzuki et al., 2017). However, this relationship is important con-
sidering that the brain is one of the most sensitive organ to hemody-
namic changes (O'Rourke and Safar, 2005).

Our results suggest that the cfPWV cut-off value of 10m/s may be
too high given that the WM microstructural alterations are more sig-
nificantly associated with the cfPWV around 8.5 m/s in our cohort of
participants between 65 and 75 years old with a set of inclusion and
exclusion criteria. Considering DTI metrics can allow the character-
ization of microstructural changes that antedate the appearance of ir-
reversible WM damage in the elderly (Maillard et al., 2014), the newly
proposed cut-off may have a chance to accurately identify individuals
that are at high risk of structural changes and cognitive dysfunction.

It is worth noting that vascular disease and eventual end-organ
damage manifest at the end of a pathological spectrum which is ex-
tending from a prolonged latent phase (Tsao et al., 2016). Among
preclinical neurologic deficits, WM alterations (e.g. WMHs, lacunar

Table 5
Multivariate adjusted relations of TMTB-A and white matter microstructural
integrity as assessed by Fractional anisotropy (FA) and radial diffusivity (RD) in
participants with a cfPWV value above and below 8.5m/s.

Participants with a cfPWV value above 8.5 m/s

DTI Metrics ROI B β p-value

FA corpus callosum −704.110 −0.510 0.008
internal capsule −505.337 −0.309 0.122
corona radiata −653.102 −0.404 0.040
superior longitudinal fasciculus −216.783 −0.180 0.363

RD corpus callosum 6.28 105 0.560 0.003
internal capsule 5.45 105 0.260 0.180
corona radiata 8.12 105 0.520 0.004
superior longitudinal fasciculus 3.89 105 0.322 0.092

Participants with a cfPWV value below 8.5m/s

DTI Metrics ROI B β p-value

FA corpus callosum −28.923 −0.037 0.888
internal capsule −0.976 0.001 0.996
corona radiata 70.943 0.082 0.742
superior longitudinal fasciculus 73.245 0.119 0.648

RD corpus callosum 9.40 105 0.172 0.551
internal capsule 2.21 105 0.232 0.356
corona radiata 9.90 105 0.158 0.565
superior longitudinal fasciculus 3.79 105 0.060 0.823

Significant p-values (corrected for multiple comparisons) are in bold fonts
(adjusted threshold is 0.006 and 0.018 for FA and RD respectively).

Table 6
Multivariate adjusted relations of TMTB-A and white matter microstructural
integrity as assessed by Fractional anisotropy (FA) and radial diffusivity (RD) in
participants with a cfPWV value above and below 10m/s.

Participants with a cfPWV value above 10m/s

DTI Metrics ROI B β p-value

FA corpus callosum −388.324 −0.501 0.106
internal capsule −315.331 −0.358 0.256
corona radiata −220.656 −0.290 0.390
superior longitudinal fasciculus −198.375 −0.340 0.292

RD corpus callosum 2.37 105 0.363 0.277
internal capsule 3.94 105 0.405 0.203
corona radiata 4.74 105 0.549 0.084
superior longitudinal fasciculus 3.30 105 0.580 0.067

Participants with a cfPWV value below 10m/s

DTI Metrics ROI B β p-value

FA corpus callosum −380.274 −0.317 0.073
internal capsule −201.212 −0.159 0.365
corona radiata −291.883 −0.218 0.229
superior longitudinal fasciculus −66.524 −0.067 0.704

RD corpus callosum 4.55 105 0.483 0.007
internal capsule 3.16 105 0.193 0.267
corona radiata 3.44 105 0.320 0.060
superior longitudinal fasciculus 2.03 105 0.202 0.241

Significant p-values (corrected for multiple comparisons) as indicated (adjusted
treshold is 0.006 for FA and RD).
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infarcts, cerebral microbleeds) have been found in individuals with
chronic hypertension and arterial stiffness (Makin et al., 2013; Miwa
et al., 2014; Suzuki et al., 2017; Tarumi et al., 2015; Tsao et al., 2016).
Such deficits may ultimately lead to Alzheimer type dementia (Au et al.,
2006; Kalaria et al., 2012) by strongly influencing beta amyloid de-
position (Hughes et al., 2013; Roman, 1997; Shah et al., 2012). For
instance, Iturria-Medina et al. recently suggested that vascular dysre-
gulations are the earliest pathological alterations in Alzheimer's disease,
followed by beta amyloid deposition by means of a multifactorial data
driven analysis comparing 7700 brain images and different plasma and
cerebrospinal fluid biomarkers from 1711 healthy controls (Iturria-
Medina et al., 2016). This means that measuring cfPWV could be used
to identify people at risk for neurovascular dysregulation in the elderly
(Badji et al., 2019). These individuals could then be treated to reduce
arterial stiffness, prevent WM alterations and ultimately cognitive de-
cline.

4.2. Impact of WM neuronal fiber integrity in cognitive function

A slower executive function performance (longer time to complete
the TMTB-A) was correlated with lower FA and higher RD from the
vulnerable white matter regions to arterial stiffness in participants with
a cfPWV above 8.5 m/s.

Interestingly, various studies have provided evidence for the con-
tribution of microstructural WM reductions in executive skills perfor-
mance (Badji et al., 2019; Gunning-Dixon et al., 2009). For instance,
Sasson et al. showed that performance in executive functions is corre-
lated with DTI measures in the superior longitudinal fasciculus (Sasson
et al., 2013). In addition, Madden et al. (Madden et al., 2004) observed
that a lower level of integrity of the cerebral WM (as assessed by FA) in
specific brain regions was associated with slower responses in the visual
task. In particular, Madden et al. (Madden et al., 2004) observed that
the best predictor of response time for younger adults was a higher FA
in the splenium of the corpus callosum, whereas for older adults the
best predictor was a higher FA in the anterior limb of the internal
capsule. Results from another study suggest that age-related reductions
in FA in the pericallosal frontal region and in the genu of the corpus
callosum mediate the relationship between processing speed and epi-
sodic retrieval (Bucur et al., 2008). Our findings for participants with a
cfPWV value above 8.5m/s shows that FA and RD measures in the
corpus callosum and corona radiata are a significant predictor of TMTB-
A performance (p< .05 after correction for multiple comparisons) are
in agreement with these previous findings. Taken together, these find-
ings highlight that WM tracts are crucial for information transfer be-
tween brain regions, and in the regions vulnerable to increased arterial
stiffness, the loss of WM microstructural integrity may contribute to
poorer cognitive performances. Thus, it is not surprising that the re-
lationship between arterial stiffness, vascular dementia and Alzheimer's
disease is consistent in the literature. For instance, a meta-analysis of
six studies showed that arterial stiffness is significantly higher in sub-
jects with vascular dementia compared to controls without dementia
(Rabkin and Jarvie, 2011) and another study demonstrated that arterial
stiffness is significantly higher in subjects with Alzheimer's disease than
in subjects with mild cognitive impairment or normal cognitive func-
tions (Hanon et al., 2005).

4.3. Strengths and limitations

The strength of this study lies in the inclusion of quantitative MRI
metrics (DTI) that are sensitive to the WM neuronal tissue to investigate
the impact of arterial stiffness on the WM microstructure as opposed to
most previous studies using fluid attenuated inversion recovery
(FLAIR). Conventional MRI techniques, such as FLAIR, only dichot-
omize tissue into abnormal and normal tissue. In contrast, FA and RD
provide a quantitative evaluation of the WM and thus, a much more
detailed evaluation of the underlying tissue microstructure.

In a longitudinal study that investigates DTI changes within WMHs
over a 3 years period, Maillard et al. showed that while WMHs had not
changed on FLAIR imaging, DTI metrics showed a significant change
over time in these WMHs (Maillard et al., 2014). Using DTI metrics, this
study is the first one to attempt to objectively estimate the cfPWV cut-
off value for better classifying elderly populations with respect to their
brain WM microstructure.

We found evidence that further adjustments of the cfPWV cut-off
value may be needed to properly make the distinction between lower
and higher risk group of patients for WM microstructural injury in the
elderly. This can give a conceivable opportunity for early detection of
Alzheimer's disease and initiation of disease-modifying treatments if
and/or when those treatments will become available.

To reach this objective, we used a maximally selected rank statistics
as opposed to more classic approaches, such as the receiver operating
characteristic (ROC) curve. Indeed, when an investigator wants to
evaluate the prognostic impact of a quantitative variable for screening
purposes, the classic approach is to use the ROC curve, and then choose
the cut-off value that is closest to the point of perfect classification
(100% sensitivity and 100% specificity). However, with this analysis
the outcome variable has to be transformed into a binary classification
that is clinically relevant. Unfortunately, the ROC curve method cannot
be used in this study because the normal values of DTI metrics (FA and
RD) in WM are still unknown. Thus, our outcome variables (FA and RD)
can't be used for a binary classification. On the contrary, maximally
selected rank statistics is an interesting alternative with the advantage
that it is not necessary to transform the outcome variable into a binary
endpoint. Maximally selected rank sum has been previously used in
several studies, especially studies in the field of cancer genomics aiming
to know whether the expression profile of one gene is associated with
the patient's prognosis. To answer this question, biologists have used
maximally selected rank statistics to calculate an exact cut-off point
allowing them to accurately split patients into two groups: high and low
expression of that specific gene (Delgado et al., 2014; Hassen et al.,
2015; Seckinger et al., 2012).

Moreover, although both of our statistical approaches used to esti-
mate the cfPWV cut-off value yield consistent findings, it is worth
noting that iterating cfPWV cut-off values by varying (with step size of
0.5) its value from 10 to 7.5 m/s, varies the number of samples assigned
to resultant groups (supplementary material 1). Further studies with
larger cohorts will be needed not only to confirm our findings but also
to determine whether additional factors may contribute and/or modify
this estimated cfPWV cut-off, such as the sex, the presence of hy-
pertension, the use of antihypertensive medication, diabetes, etc.

In addition, one may consider the potential nonlinearity of the
signal across the range of b values which could influence the inter-
pretation of the findings (Kochunov et al., 2013). Whether or not it is
the case is still a matter of debate (Baumann et al., 2012; Dudink et al.,
2008; Hui et al., 2010).

Finally, the challenges of translating our findings into clinical
practice should not be underestimated. Indeed, it took many years for
blood pressure monitoring to be considered a public health necessity,
despite the strong evidence between cardiovascular mortality and hy-
pertension. As further studies and additional evidence will become
available, we can envision a future where therapeutic correction of high
arterial stiffness will be a priority for protecting both the heart and the
brain.

5. Conclusion

Findings from this study shows that the suggested 10m/s cfPWV
cut-off value may not be the cfPWV threshold that best splits in-
dividuals into high and low neurocardiovascular risk groups. Instead,
this cut-off value is more likely to fall around 8.5 m/s when down-
stream effects of hemodynamic alteration to overall WM integrity are
taken as the ground for comparison. Adjustment of the cfPWV value

A. Badji, et al. NeuroImage: Clinical 26 (2020) 102007

9



may be needed to make a more accurate distinction between lower and
higher risk group of patients for white matter microstructural injury
related to arterial stiffness which may help preserve brain health and
prevent cognitive decline.
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