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Background and aims: We aimed to determine the association of carotid intima media thickness (CIMT),
carotid plaques, and heart function with peak systolic velocity (PSV) of the common (CCA) and internal
carotid artery (ICA) in a cross-sectional study.
Methods: In the population-based Hamburg-City-Health-Study participants between 45 and 74 years
were recruited. Cardio-vascular risk factors were assessed by history, blood samples, and clinical ex-
amination. CIMT, plaques, and PSV were determined by carotid ultrasound. Serum N-terminal brain
natriuretic peptide (NT-proBNP) was determined as a biomarker for cardiac dysfunction, and left ven-
tricular ejection fraction (LVEF) was quantified by echocardiography. Participants with carotid stenosis
were excluded. Data were analyzed by multivariate linear regression.
Results: We included 8567 participants, median age was 62 years, 51.8% were women. Median CIMT was
0.75 mm, NT-proBNP 80 pg/ml, LVEF 58.5%, and 30.4% had carotid plaques. For women PSV decreased in
decades from 89 to 73 cm/s in CCAs and 78 to 66 cm/s in ICAs, and for men from 91 to 76 cm/s in CCAs
and from 70 to 66 cm/s in ICAs. Corrected for age, sex, red blood cell count, and blood pressure, in CCAs
lower PSV was associated with carotid plaques (p < 0.001; b ¼ �0.03), lower CIMT (p ¼ 0.005; b ¼ 0.007),
higher levels of log-transformed NT-proBNP (p < 0.001; b ¼ �0.01), and lower LVEF (p < 0.001; b ¼ 0.01).
In ICAs, lower PSV was independently associated with lower CIMT (p < 0.001; b ¼ 0.02) and lower EF
(p ¼ 0.001; b ¼ 0.007).
Conclusions: Markers of cardiac dysfunction and plaques are associated with lower and CIMT with higher
flow velocities in the carotid arteries.
Clinical Trial Registration: http://www.clinicaltrials.gov, NCT03934957.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Carotid plaques and intima media thickness (CIMT) are simple
and reliable measures of carotid arteriopathy [1], which can be
amended by further parameters such as carotid diameter, pulse-
wave, end-diastolic velocity, and peak-systolic velocity (PSV). Ca-
rotid diameter was connected to heart and renal failure [2], and
pulse wave velocity to cognitive decline [3]. End-diastolic velocity
was positively associated with cardio-vascular events [4] [e] [6]
and negatively as part of the pulsatility index with CIMT [7]. More
controversially wall tension and shear stress were associated with
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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plaque presence in dependance of age and hypertension [8] [e]
[10]. Being less dependent on distal occlusive disease than end
diastolic velocity the relevance of direct values of PSV has been
increased by its reliability in estimating stenoses [11]. Knowledge
about its dynamic and impact aside from classification of haemo-
dynamically relevant stenosis is scarce. Though pilot studies
demonstrated an association of higher PSV with higher scores in
Mini-Mental State Examination [5,12], little is known about the
factors determining or influencing PSV beyond increased values in
the context of carotid stenosis. Environmental factors appear to
have a stronger influence on PSV than genetic factors [13], but there
is little evidence about the separate influence of haemodynamically
not significant carotid stenoses, CIMT, and cardiac dysfunction on
peak systolic velocities of the carotid arteries. We therefore aimed
to analyze the association of PSV with measures of haemody-
namically not significant carotid arteriopathy and markers of car-
diac dysfunction in the common carotid artery (CCA) and internal
carotid artery (ICA).

Materials and methods

Data sharing

The data that support the findings of this study are available
from the corresponding author upon reasonable request and where
necessary after approval of the ethics committee by the corre-
sponding author within 24 months after publication.

Study population

From February 2016 on we started to enroll registered residents
of the metropolitan region of Hamburg between the age of 45 and
74 years in the single center observational population-based
Hamburg City Health Study. Due to recruitment process some
participants were above 75 years when examined. Overall, the
study has a long-term prospective design with the aim to deter-
mine and characterize risk and prognostic factors of chronic dis-
eases. It comprises multiple laboratory, physical, imaging, and
patient-reported assessments. Written informed consent was ob-
tained from all participants. The study was approved by the Ethics
Committee of the Hamburg chamber of physicians. Its study design
has been published [14], and the study is registered at clinicaltrials.
gov, NCT03934957. The study was carried out following the Hel-
sinki Declaration of theWorldMedical Association and according to
the principles of good clinical and good scientific practice. Of the
first cohort of 10000 participants, we included all subjects with
available baseline data measured between February 2016 and
November 2018 in our cross-sectional analysis. We excluded par-
ticipants with relevant stenoses of the common, internal, or
external carotid arteries.

Carotid ultrasound & echocardiography

Carotid ultrasound was performed using a Siemens SC2000®
with a 7.5-MHz linear array transducer. Measurements of ultra-
sound parameters were made according to recommendations by
the European Stroke Organisation [15]. In the B-Mode, we
measured CIMT in a longitudinal view of the left and right CCA
>1 cm proximal of the carotid bulbus for three times within a
distance of 1 cm on the far wall and calculated the mean for further
analyses. Plaques were defined as a circumscribed focal thickening
of the intima media >1.5 mm and measured in CCAs and proximal
ICAs. PSV of the CCA and ICA were measured by pulsed-wave
doppler in the central segment between origin and bifurcation of
the CCA and distal beyond the bifurcation in the ICA close to the jaw
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angle using duplex-mode with angle correction. For further sta-
tistical analyses the mean value of both sides was used. Stenoses
were defined as systolic flow velocities above 200 cm/s in the
common, internal, and external carotid artery. Concerning the
external carotid artery consensus is scant and we chose the defi-
nition of haemodynamically relevant stenosis pragmatically [16].
Transthoracic echocardiography was performed using a Siemens
SC2000® with a 2.0-MHz linear array transducer. Left ventricular
ejection fraction (LVEF) was determined using the two-dimensional
biplane method of disks summation as recommended by the Eu-
ropean Association of Cardiovascular Imaging [17,18]. Medical
technical assistants underwent three months of training before
examining participants and followed a standard operating pro-
cedure for carotid ultrasound and echocardiogram. Inconclusive
and pathologic findings, like stenoses, underwent a regular and
risk-based quality check and were inspected by physicians experi-
enced in carotid ultrasound.

Laboratory measurements from blood samples

N-terminal pro brain natriuretic peptide (NT-proBNP) was
assessed by immunoassay using Siemens Atellica®, and Roche
Cobas e411®. Red blood cell count (RBC) was assessed by
fluorescence-activated cell sorting with Siemens Advia®.

Questionnaire and physical measures

We determined demographics and history of cardiovascular risk
factors by a pen and pencil questionnaire. Blood pressure was
physically examined during visits. Systolic and diastolic blood
pressure were measured twice on the right arm and the mean
values were used for further analyses.

Statistics

Categorical variables were tested using the chi-squared test and
are presented as count and percentage. Continuous variables are
presented as median and interquartile range and a Mann-Whitney
U test was performed to test for association. For assessing the as-
sociation of Carotid arteriopathy and heart functionwith PSV in the
CCA and ICA, we used multivariate regression models. We fitted
two separate models for the dependent variable PSV in CCAs and
ICAs containing as independent predictors the numeric cofactors
age, CIMT, RBC, logarithmic NT-proBNP, LVEF, systolic and diastolic
blood pressure (BP) and the binary cofactors sex and presence of
plaque(s). Systolic BP subtracted by diastolic BP was included as
pulse pressure (PP) in the multivariate models to minimize con-
founding by collinearity. Confounding factors were chosen hypo-
thetical based on literature. NT-proBNP was log-transformed
oriented on its distribution in descriptive analysis. Themodels were
built from participants with available data, participants with
missing values were excluded from multivariate analyses. Associ-
ations were considered significant for p-values <0.05. All statistical
analyses were carried out using R-studio statistical package 1.1.453
(http://www.r-project.org/).

Results

Participants’ characteristics

We included 8567 participants with available values of PSV in
CCAs or ICAs, 51.8% were female and their median age was 62
(IQR:55; 69) years. Median CIMT was 0.75 mm (IQR:0.67; 0.84),
plaques were detected in 30.4% of the participants. In CCAs median
PSV was 83 cm/s (IQR:72; 96), and in ICAs 70 cm/s (IQR:60; 82).
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Median LVEF was 58.5% (IQR:55.6; 61.9), and NT-proBNPwas 80 pg/
ml (IQR:44; 146).

Categorized by age in decades between 45 and 75þ years, fe-
male participants between 45 and 54 years had a median PSV of
89 cm/s in CCAs and 78 cm/s in ICAs, which decreased (p < 0.001)
stepwise to 73 cm/s in CCAs and 66 cm/s in ICAs at the age of 75
years and older (Table 1A). Male participants between 45 and 54
years had a median PSV of 91 cm/s in CCAs and 70 cm/s in ICAs,
which decreased (p < 0.001) as well to 76 cm/s in the CCA and
66 cm/s in ICAs at the age of 75 years and older (Table 1B).
Association of characteristics with peak systolic velocities

Concerning the CCA, the model included 5984 participants
(Fig.1A). Lower PSVwas associatedwith carotid plaques (p < 0.001;
b ¼ �0.034, CI: 0.044,-0.023) and higher log NT-proBNP levels
(p < 0.001; b ¼ �0.015, CI: 0.020,-0.010). Higher PSV showed an
associationwith higher CIMT (p ¼ 0.002; b ¼ 0.008, CI:0.003,0.013)
and higher LVEF (p < 0.001; b ¼ 0.012, CI:0.008,0.017). Of further
confounders, age (p < 0.001; b ¼ �0.053, CI: 0.058,-0.047) and fe-
male sex (p < 0.001; b ¼ �0.044, CI: 0.054,-0.034) predicted lower
PSV. Pulse pressure (p < 0.001; b ¼ 0.011, CI:0.006,0.016) was
positively associated with higher PSV.

Concerning the ICA the model comprised 7667 participants
(Fig. 1B). Higher PSV was associated with higher CIMT (p < 0.001;
b ¼ 0.017, CI:0.012,0.022) and higher LVEF (p < 0.001; b ¼ 0.010,
CI:0.005,0.014). The presence of plaques (p ¼ 0.829; b¼ �0.001, CI:
0.011,0.009), and levels of log NT-proBNP (p¼ 0.780; b¼�0.001, CI:
0.006,0.004) had no influence on PSV in ICAs. Of further con-
founders age (p < 0.001; b ¼ �0.041, CI: 0.046,-0.035) predicted
lower PSV, while female sex (p < 0.001; b ¼ 0.035, CI:0.026,0.045)
and pulse pressure (p < 0.001; b ¼ 0.018, CI:0.013,0.022) were
associated with higher PSV.

Equally fitted models containing solely carotid plaque or CIMT
are shown in the supplemental material (Tables I and II for CA and
Tables III and IV for ICA).
Discussion

Our study provides novel insights in the relations of carotid
plaques and CIMT to peak flow velocity in the carotid arteries.
Carotid plaques were independently associated with lower PSV. In
contrast, CIMT revealed an association with higher PSV. LVEF as a
measure of cardiac output showed a positive association with PSV.
In accordance, higher NT-proBNP as a measure of cardiac
dysfunction was associated with lower PSV. RBC correlated nega-
tively with PSV.
Table 1A
Characteristics of female participants.

Female Age categories

45e54 years 55e64 years

N 1091 1547

PSV in CCA (cm/s, median [IQR]) 89 [79,101] 82 [73,94]
PSV in ICA (cm/s, median [IQR]) 78 [68,90] 74 [64,85]
CIMT (mm, median [IQR]) 0.67 [0.61,0.73] 0.71 [0.65,0.79]
Presence of plaque (%) 90 (8.3) 303 (19.6)

Plaque diameter (mm, median [IQR]) 1.88 [1.64,2.26] 2.04 [1.72,2.42]
NT-proBNP (pg/dl, median [IQR]) 68 [42,111] 81 [50,132]
LVEF (%, median [IQR]) 59.1 [56.4,62.5] 59.6 [56.5,62.9]
SBP (mmHg, median [IQR]) 125.0 [115.1135.5] 131.0 [120.5142.3]
DBP(mmHg, median [IQR]) 79.5 [73.5,86.5] 80.5 [74.5,86.9]
RBC (106/ml, median [IQR]) 4.54 [4.34,4.73] 4.58 [4.37,4.78]
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The population-based cohort represents mid to old aged par-
ticipants with cardio-vascular risk factors but not being severely ill
[19]. The distribution of carotid plaques and amount of CIMT is
comparable to similar risk groups [20]. Reference values of PSV
from population-based cohorts are scarcely reported, and if so only
of small samples or for a different purpose [13,21]. Herein reported
ICA/CCA ratios of velocities match our results of PSV in women, but
do not support the age dependent decrease in men [21]. Another
study reported a relation of old age to a low PSV similar to our
findings, and discussed multifaceted reasons, e.g., decreased elastin
in the media [22], and altered cardiac function [23]. The steeper
decrease of PSV in women's ICAs with increasing age might be
related to a loss of a initially more effective autoregulation [24].
Higher values of PSV measured after stenoses of ICAs [25] support
this assumption. It might as well contribute to the different impact
of female sex on PSV in ICAs and CCAs.

PSV in CCAs and ICAs was independently associated with higher
CIMT, a marker of general atherosclerotic wall-changes, and LVEF.
The association of CIMT with higher PSV may be explained by a
systemic endothelial damage leading to a disturbed autoregulation
through changes in diameter [26,27]. The impact of haemodynamic
parameters of heart function, as LVEF and systolic BP, on carotid
arteries’ PSV stand in line with reported physiologically analyses
[28].

Lower PSV in CCAs was associated with presence of carotid
plaques and higher values of NT-proBNP. Though CIMT and plaques
are both markers of arteriopathy, both predict cardiovascular
events [29,30] and share a common incidence [31], the association
of plaques with low PSV stands in contrast to the one of CIMT with
high PSV. It is, however, not contradictory. Plaques are by definition
circumscribed and were most commonly measured close to the
carotid bulbus [15]. They are related to non-aligned scatter flow
[32,33], and instead of CIMT to low shear stress, which are both
associated with lower flow velocities and localization close to the
carotid bulbus [27,34,35]. The carotid bulbus is the area of most
frequent plaque development and detection. The reason for this is
the bifurcation that separates the previous undirected flow of the
proximal CCA with a consecutive loss of axial alignment, scatter-
flow, and decrease in wall shear stress [34]. Wall shear stress in
the carotid bulbus is dependent from flow velocity [27]. That pla-
que presence is associated with lower PSV in CCAs and not in ICAs
reflects that the CCA is the feeding vessel of the carotid sinus and
determines its flow velocity and wall shear stress more directly
than the ICA's correlates with it. This is based in the ICA's location
distal to the bifurcation which confounds flow velocity by its
anatomy and hemodynamics of the external carotid artery. Changes
in wall structure with a transition zone in the proximal ICA
Total

65e74 years 75þ years (missing)

1546 256 8567

78 [66,89] 73 [62,82] 83 [55,69] (4)
70 [59,82] 66 [57,78] 70 [60,82] (47)
0.78 [0.70,0.86] 0.84 [0.74,0.91] 0.75 [0.67,0.84] (82)
596 (38.9) 123 (49.2) 2584 (30.4%)

(63)
2.10 [1.75,2.54] 2.08 [1.78,2.47] 2.14 [1.80,2.54]
129 [80,222] 186 [112,286] 80 [22,146] (219)
59.2 [56.3,62.7] 59.1 [56.0,62.1] 58.5 [55.6,61.9] (2058)
141.5 [130.0,156.0] 145.0 [130.5155.5] 136.5 [125.0,150.0] (296)
80.5 [74.5,87.5] 80.0 [74.0,87.5] 81.5 [75.5,88.0] (297)
4.59 [4.38,4.82] 4.59 [4.36,4.82] 4.73 [4.48,5.01] (245)



Table 1B
Characteristics of male participants.

Male Age categories Total

45e54 years 55e64 years 65e74 years 75þ years (missing)

N 912 1346 1560 309 8567
PSV in CCA (cm/s, median [IQR]) 91 [79,104] 87 [74,99] 79 [68,92] 76 [66,86] 83 [55,69] (4)
PSV in ICA (cm/s, median [IQR]) 70 [60,80] 67 [58,77] 66 [56,78] 66 [55,76] 70 [60,82] (47)
CIMT (mm, median [IQR]) 0.69 [0.62,0.78] 0.76 [0.68, 0.85] 0.81 [0.73,0.91] 0.88 [0.78,1.00] 0.75 [0.67,0.84] (82)
Presence of plaque (%) 128 (14.0) 400 (29.9) 746 (48.4) 198 (64.9) 2584 (30.4%)

(63)
Plaque diameter (mm, median [IQR]) 2.03 [1.79,2.34] 2.11 [1.82, 2.50] 2.23 [1.90,2.66] 2.23 [1.86,2.63] 2.14 [1.80,2.54]
NT-proBNP (pg/dl, median [IQR]) 35 [22,58] 51 [30, 87.5] 97 [55.75,180] 162 [82.25,296.25] 80 [22,146] (219)
LVEF (%, median [IQR]) 57.7 [55.4,60.7] 57.9 [55.3,61.2] 57.3 [54.5 60.5] 56.9 [53.9,60.7] 58.5 [55.6,61.9] (2058)
SBP (mmHg, median [IQR]) 134.5 [125.0,144.5] 137.5 [127.0,150.5] 143.00 [131.0,156.0] 143.5 [129.5157.5] 136.5 [125.0,150.0] (296)
DBP(mmHg, median [IQR]) 83.5 [78.5,90.5] 84.5 [78.5,91.0] 82.0 [76.0,88.0] 79.5 [73.0,87.5] 81.5 [75.5,88.0] (297)
RBC (106/ml, median [IQR]) 5.03 [4.79,5.24] 4.96 [4.73,5.19] 4.85 [4.60,5.11] 4.82 [4.57,5.07] 4.73 [4.48,5.01] (245)

Abbreviations: CIMT¼ Carotid intima media thickness; PSV ¼ peak systolic velocity; CCA ¼ common carotid artery; ICA ¼ internal carotid artery; N ¼ number;
IQR¼ interquartile range; NT-proBNP¼ n-terminal pro brain natriuretic peptide; LVEF¼ left ventricular ejection fraction; SBP¼ systolic blood pressure; DBP¼ diastolic blood
pressure; RBC ¼ red blood cell count.

Fig. 1. Factors associated with peak systolic velocity in common (A) and internal (B)
carotid arteries in a model of multivariate regression. Abbreviations: CIMT¼ Carotid
intima media thickness; NT-proBNP ¼ n-terminal pro brain natriuretic peptide;
LVEF ¼ left ventricular ejection fraction; PP ¼ pulse pressure (systolic blood pressure -
diastolic blood pressure); RBC ¼ red blood cell count. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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additionally explain our findings of CCAs’ PSV being associatedwith
plaque and ICAs’ PSV not [36].

The same directed association of plaques, low LVEF, and high NT-
proBNP concentration with PSV supports plaques’ more distinct
clinical and genetic connection to cardiovascular events and
ischemic cardiomyopathy compared to CIMT [37,38], which is
closer associated with stroke [39]. Therefore CIMT's association
with high PSV and plaques’ with low PSV represents one physio-
logical bridge between their pathogenesis and concomitant clinical
manifestation.

Impaired cardiac function indicated by higher levels of NT-
proBNP predicted low PSV in CCAs as well. NT-proBNP is a sub-
clinical marker sensitive for myocardial stress caused by volume
load [40]. Its independent association suggests an additive value of
PSV to haemodynamics measured by echocardiogram and BP in
estimating cardiac function.

We considered RBC as a cofactor in respect to blood viscosity
and further studies suggesting an influence on vascular structure
and flow velocity [41e43]. Its correlationwith lower PSVs stands in
line with the literature and might be explained due to auto-
regulatory mechanisms to guarantee a steady oxygen transport.

While the assumption, that heart function and different factors
of arteriopathy have a distinct association with flow velocity is
physiologically plausible, we have to acknowledge the limitation
that our study had a cross-sectional design. Therefore, we can only
report associations with no possibility to inference on causality.
Longitudinal studies are needed, to determine the time course and
possible causality of the observed association between PSV, arte-
riopathy, and cardiac dysfunction. Concerning heart function, this
population-based study is focused on values within the normal
range and not able to predict the effect of pathologic findings.

Our study provides novel information about the interaction of
PSV measured in the CCA and ICA with carotid plaques, CIMT, and
cardiac function. An increased CIMT and higher LVEF predicts a
higher PSV, while presence of plaques and higher NT-proBNP
concentrations are associated with lower PSV in CCAs apart from
BP, RBC, age, and sex. The difference in associations with carotid
plaques and CIMT and its link to heart function suggests a benefit of
considering PSV in clinical context, on the one hand, and both
markers of carotid arteriopathy individually on the other.
Financial support

This work was financially supported by the University Medical
Center Hamburg-Eppendorf. No external funding has been



D.L. Rimmele, K. Borof, J.-P. Wenzel et al. Atherosclerosis Plus 43 (2021) 18e23
received.

Author contributions

D. Leander Rimmele conceptualized the study, contributed to
acquisition and analysis of data; and drafted the manuscript. Katrin
Borof contributed to analysis of data and revised themanuscript for
intellectual content. Jan-Per Wenzel contributed to acquisition of
data and revised the manuscript for intellectual content. M€arit
Jensen, Christian A. Behrendt, Christoph Waldeyer, Renate B.
Schnabel, Tanja Zeller, E. Sebastian Debus, Stefan Blankenberg, and
Christian Gerloff revised the manuscript for intellectual content.
G€otz Thomalla conceptualized and drafted the study design and
revised the manuscript for intellectual content.

Submission declaration statement

All authors had access to all data in the study and have read and
approved the final version of the manuscript. The material in the
manuscript has not been published or is under consideration for
publication elsewhere.

Declaration of competing interest

DLR, KB, JPW, MJ, CAB, CW, TZ, and ESD have nothing to report.
RBS has received speaker honoraria from Bristol-Myers Squibb/
Pfizer. RBS has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020 research
and innovation programme (grant agreement No 648131), from the
European Union's Horizon 2020 research and innovation pro-
gramme under the grant agreement No 847770 (AFFECT-EU) and
German Center for Cardiovascular Research (DZHK e.V.)
(81Z1710103); German Ministry of Research and Education (BMBF
01ZX1408A) and ERACoSysMed3 (031L0239). SB has received
research funding from Abbott Diagnostics, Bayer, SIEMENS, Singu-
lex and Thermo Fisher. He received honoraria for lectures from
Abbott, Abbott Diagnostics, Astra Zeneca, Bayer, AMGEN, Med-
tronic, Pfizer, Roche, SIEMENS, Thermo Fisher and as member of
Advisory Boards for consulting for Bayer, Novartis and Thermo
Fisher. CG reports personal fees from Amgen, Bayer Vital, Bristol-
Myers Squibb, Boehringer Ingelheim, Sanofi Aventis, Abbott, and
Prediction Biosciences outside the submitted work. GT reports
receiving consulting fees from Acandis, grant support, and lecture
fees from Bayer, lecture fees from Boehringer Ingelheim, Bristol-
Myers Squibb/Pfizer, and Daiichi Sankyo, and consulting fees and
lecture fees from Stryker outside the submitted work.

Acknowledgements

NA.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.athplu.2021.07.020.

References

[1] Chen LY, Leening MJG, Norby FL, Roetker NS, Hofman A, Franco OH, Pan W,
Polak JF, Witteman JCM, Kronmal RA, Folsom AR, Nazarian S, Stricker BH,
Heckbert SR, Alonso A. Carotid intima-media thickness and arterial stiffness
and the risk of atrial fibrillation: the atherosclerosis risk in communities
(ARIC) study, multi-ethnic study of atherosclerosis (MESA), and the rotterdam
study. J. Am. Heart Assoc. 2016;5. https://doi.org/10.1161/JAHA.115.002907.

[2] Yang Y, Wang Y, Xu J, Gao P. Association between common carotid artery
diameter and target organ damage in essential hypertension. J Hypertens
2018;36:537e43. https://doi.org/10.1097/HJH.0000000000001590.
22
[3] Rouch L, Cestac P, Sallerin B, Andrieu S, Bailly H, Beunardeau M, Cohen A,
Dubail D, Hernandorena I, Seux ML, Vidal JS, Hanon O. Pulse wave velocity is
associated with greater risk of dementia in mild cognitive impairment pa-
tients. Hypertension 2018;72:1109e16. https://doi.org/10.1161/
HYPERTENSIONAHA.118.11443.

[4] Chuang SY, Bai CH, Chen JR, Yeh WT, Chen HJ, Chiu HC, Shiu RS, Pan WH.
Common carotid end-diastolic velocity and intima-media thickness jointly
predict ischemic stroke in Taiwan. Stroke 2011;42:1338e44. https://doi.org/
10.1161/STROKEAHA.110.605477.

[5] Chuang SY, Cheng HM, Mitchell GF, Sung SH, Chen CH, Pan WH, Hwang AC,
Chen LK, Wang PN. Carotid flow velocities and blood pressures are indepen-
dently associated with cognitive function. Am J Hypertens 2019;32:289e97.
https://doi.org/10.1093/ajh/hpy165.

[6] Chuang SY, Bai CH, Cheng HM, Chen JR, Yeh WT, Hsu PF, Liu WL, Pan WH.
Common carotid artery end-diastolic velocity is independently associated
with future cardiovascular events. Eur. J. Prev. Cardiol. 2016;23:116e24.
https://doi.org/10.1177/2047487315571888.

[7] Fukuhara T, Namba Y, Kuyama H. Evaluation of extracranial carotid artery
duplex ultrasound scanning parameters in cerebral ischemic or nonischemic
patients without significant cervical carotid artery stenosis. J Stroke Cere-
brovasc Dis 2005;14:12e6. https://doi.org/10.1016/
j.jstrokecerebrovasdis.2004.09.001.

[8] Lee MY, Wu CM, Yu KH, Chu CS, Lee KT, Sheu SH, Lai WT. Association between
hemodynamics in the common carotid artery and severity of carotid athero-
sclerosis in patients with essential hypertension. Am J Hypertens 2008;21:
765e70. https://doi.org/10.1038/ajh.2008.182.

[9] Carallo C, Tripolino C, de Franceschi MS, Irace C, Xu XY, Gnasso A. Carotid
endothelial shear stress reduction with aging is associated with plaque
development in twelve years. Atherosclerosis 2016;251:63e9. https://doi.org/
10.1016/j.atherosclerosis.2016.05.048.

[10] Joshi AK, Leask RL, Myers JG, Ojha M, Butany J, Ethier CR. Intimal thickness is
not associated with wall shear stress patterns in the human right coronary
artery. Arterioscler Thromb Vasc Biol 2004;24:2408e13. https://doi.org/
10.1161/01.ATV.0000147118.97474.4b.

[11] Pisimisis GT, Katsavelis D, Mandviwala T, Barshes NR, Kougias P. Common
carotid artery peak systolic velocity ratio predicts high-grade common carotid
stenosis presented as a podium presentation at the forty-third annual sym-
posium of the society for clinical vascular surgery, miami, fla, march 29-april
2, 2015. J Vasc Surg 2015;62:951e7. https://doi.org/10.1016/j.jvs.2015.05.009.

[12] Fu G, Miao Y, Yan H, Zhong Y. Common carotid flow velocity is associated with
cognition in older adults. Can J Neurol Sci 2012;39:502e7.

[13] Lucatelli P, Tarnoki AD, Tarnoki DL, Giannoni MF, Gazzetti M, Boatta E, Zini C,
Cotichini R, Baracchini C, Meneghetti G, Nistic�o L, Fagnani C, Karlinger K,
Horvath T, Molnar AA, Garami Z, Medda E, Stazi MA, Berczi V, Fanelli F. Ge-
netic and environmental effects on carotid flow velocities: aninternational
twin study. Atherosclerosis 2013;231:205e10. https://doi.org/10.1016/
j.atherosclerosis.2013.08.032.

[14] Jagodzinski A, Johansen C, Koch-Gromus U, Aarabi G, Adam G, Anders S,
Augustin M, der Kellen RB, Beikler T, Behrendt CA, Betz CS, Bokemeyer C,
Borof K, Briken P, Busch CJ, Büchel C, Brassen S, Debus ES, Eggers L, Fiehler J,
Gallinat J, Gellißen S, Gerloff C, Girdauskas E, Gosau M, Graefen M, H€arter M,
Harth V, Heidemann C, Heydecke G, Huber TB, Hussein Y, Kampf MO. Ratio-
nale and design of the Hamburg city Health study. Eur J Epidemiol 2020;35:
169e81. https://doi.org/10.1007/s10654-019-00577-4.

[15] Touboul P, Hennerici M, Meairs S, Adams H, Amarenco P, Bornstein N, Csiba L,
Desvarieux M, Ebrahim S, Hernandez RH, Jaff M, Kownator S, Naqvi T, Prati P,
Rundek T, Sitzer M, Schminke U, Tardif JC, Taylor A, Vicaut E, Woo KS. Man-
nheim carotid intima-media thickness and plaque consensus
(2004e2006e2011): an update. Cerebrovasc Dis 2012;34:290e6. https://
doi.org/10.1159/000343145. Mannheim.

[16] Shmelev A, Ganti A, Hosseini M, Wilkerson D, Darwazeh G, Zatina M. Duplex
criteria for grading of external carotid stenosis. Ann Vasc Surg 2020;63:
319e24. https://doi.org/10.1016/j.avsg.2019.07.010.

[17] Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk V,
Gonz�alez-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C,
Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GMC, Ruilope LM,
Ruschitzka F, Rutten FH, Van Der Meer P, Sisakian HS, Isayev E,
Kurlianskaya A, Mullens W, Tokmakova M, Agathangelou P, Melenovsky V,
Wiggers H, Hassanein M, Uuetoa T, Lommi J, Kostovska ES, Juilliere Y,
Aladashvili A, Luchner A, Chrysohoou C, Nyolczas N, Thorgeirsson G,
Weinstein JM, Di Lenarda A, Aidargaliyeva N, Bajraktari G, Beishenkulov M,
Kamzola G, Abdel-Massih T, Celutkiene J, Noppe S, Cassar A, Vataman E,
AbirKhalil S, van Pol P, Mo R, Straburzynska-Migaj E, Fonseca C, Chioncel O,
Shlyakhto E, Zavatta M, Otasevic P, Goncalvesova E, Lainscak M, Molina BD,
Schaufelberger M, Suter T, Yılmaz MB, Voronkov L, Davies C. ESC Guidelines
for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J
2016;37:2129e200. https://doi.org/10.1093/eurheartj/ehw128. 2016.

[18] Lang RM, Badano LP, Victor MA, Afilalo J, Armstrong A, Ernande L,
Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D,
Picard MH, Retzschel ER, Rudski L, Spencer KT, Tsang W, Voigt JU. Recom-
mendations for cardiac chamber quantification by echocardiography in
adults: an update from the American Society of Echocardiography and the
European Association of Cardiovascular Imaging. J Am Soc Echocardiogr
2015;28:1e39. https://doi.org/10.1016/j.echo.2014.10.003. e14.

[19] Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology of

https://doi.org/10.1016/j.athplu.2021.07.020
https://doi.org/10.1161/JAHA.115.002907
https://doi.org/10.1097/HJH.0000000000001590
https://doi.org/10.1161/HYPERTENSIONAHA.118.11443
https://doi.org/10.1161/HYPERTENSIONAHA.118.11443
https://doi.org/10.1161/STROKEAHA.110.605477
https://doi.org/10.1161/STROKEAHA.110.605477
https://doi.org/10.1093/ajh/hpy165
https://doi.org/10.1177/2047487315571888
https://doi.org/10.1016/j.jstrokecerebrovasdis.2004.09.001
https://doi.org/10.1016/j.jstrokecerebrovasdis.2004.09.001
https://doi.org/10.1038/ajh.2008.182
https://doi.org/10.1016/j.atherosclerosis.2016.05.048
https://doi.org/10.1016/j.atherosclerosis.2016.05.048
https://doi.org/10.1161/01.ATV.0000147118.97474.4b
https://doi.org/10.1161/01.ATV.0000147118.97474.4b
https://doi.org/10.1016/j.jvs.2015.05.009
http://refhub.elsevier.com/S2667-0895(21)00021-3/sref12
http://refhub.elsevier.com/S2667-0895(21)00021-3/sref12
http://refhub.elsevier.com/S2667-0895(21)00021-3/sref12
https://doi.org/10.1016/j.atherosclerosis.2013.08.032
https://doi.org/10.1016/j.atherosclerosis.2013.08.032
https://doi.org/10.1007/s10654-019-00577-4
https://doi.org/10.1159/000343145
https://doi.org/10.1159/000343145
https://doi.org/10.1016/j.avsg.2019.07.010
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1016/j.echo.2014.10.003


D.L. Rimmele, K. Borof, J.-P. Wenzel et al. Atherosclerosis Plus 43 (2021) 18e23
atherosclerosis and the potential to reduce the global burden of athero-
thrombotic disease. Circ Res 2016;118:535e46. https://doi.org/10.1161/
CIRCRESAHA.115.307611.

[20] Howard G, Richey Sharrett A, Heiss G, Evans GW, Chambless LE, Riley WA,
Burke GL. Carotid artery intimal-medial thickness distribution in general
populations as evaluated by B-mode ultrasound. Stroke 1993;24:1297e304.
https://doi.org/10.1161/01.STR.24.9.1297.

[21] Kochanowicz J, Turek G, Rutkowski R, Mariak Z, Szydlik P, Lyson T, Krejza J.
Normal reference values of ratios of blood flow velocities in internal carotid
artery to those in common carotid artery using Doppler sonography. J Clin
Ultrasound 2009;37:208e11. https://doi.org/10.1002/jcu.20502.

[22] Tesauro M, Mauriello A, Rovella V, Annicchiarico-Petruzzelli M, Cardillo C,
Melino G, Di Daniele N. Arterial ageing: from endothelial dysfunction to
vascular calcification. J Intern Med 2017;281:471e82. https://doi.org/
10.1111/joim.12605.

[23] Kannel WB. Incidence and epidemiology of heart failure. Heart Fail Rev
2000;5:167e73.

[24] Favre ME, Serrador JM. Sex differences in cerebral autoregulation are unaf-
fected by menstrual cycle phase in young, healthy women. Am J Physiol Heart
Circ Physiol 2019;316. https://doi.org/10.1152/ajpheart.00474.2018.
H920eH933.

[25] Comerota AJ, Salles-Cunha SX, Daoud Y, Jones L, Beebe HG. Gender differences
in blood velocities across carotid stenoses. J Vasc Surg 2004;40:939e44.
https://doi.org/10.1016/j.jvs.2004.08.030.

[26] Jamal A, Bendeck M, Langille BL. Structural changes and recovery of function
after arterial injury. Arterioscler Thromb Vasc Biol 1992;12:307e17. https://
doi.org/10.1161/01.ATV.12.3.307.

[27] Malek AM, Alper SL, Izumo S. Hemodynamik shear stress and its role in
atherosclerosis. J Am Med Assoc 1999;282:2035e42. https://doi.org/10.1001/
jama.282.21.2035.

[28] Curtis SL, Zambanini A, Mayet J, Thom SAMG, Foale R, Parker KH, Hughes AD.
Reduced systolic wave generation and increased peripheral wave reflection in
chronic heart failure. Am J Physiol Heart Circ Physiol 2007;293:557e62.
https://doi.org/10.1152/ajpheart.01095.2006.

[29] Willeit P, Tschiderer L, Allara E, Reuber K, Seekircher L, Gao L, Liao X, Lonn E,
Gerstein HC, Yusuf S, Brouwers FP, Asselbergs FW, Van Gilst W, Anderssen SA,
Grobbee DE, Kastelein JJP, Visseren FLJ, Ntaios G, Hatzitolios AI, Savopoulos C,
Nieuwkerk PT, Stroes E, Walters M, Higgins P, Dawson J, Gresele P,
Guglielmini G, Migliacci R, Ezhov M, Safarova M, Balakhonova T, Sato E,
Amaha M, Nakamura T, Kapellas K, Jamieson LM, Skilton M, Blumenthal JA,
Hinderliter A, Sherwood A, Smith PJ, Van Agtmael MA, Reiss P, Van
Vonderen MGA, Kiechl S, Klingenschmid G, Sitzer M, Stehouwer CDA,
Uthoff H, Zou ZY, Cunha AR, Neves MF, Witham MD, Park HW, Lee MS, Bae JH,
Bernal E, Wachtell K, Kjeldsen SE, Olsen MH, Preiss D, Sattar N, Beishuizen E,
Huisman MV, Espeland MA, Schmidt C, Agewall S, Ok E. Carotid intima-media
thickness progression as surrogate marker for cardiovascular risk: meta-
Analysis of 119 clinical trials involving 100 667 patients. 2020. p. 621e42.
https://doi.org/10.1161/CIRCULATIONAHA.120.046361. Circulation.

[30] Polak JF, Szklo M, Kronmal RA, Burke GL, Shea S, Zavodni AEH, O'Leary DH. The
value of carotid artery plaque and intima-media thickness for incident car-
diovascular disease: the multi-ethnic study of atherosclerosis. J. Am. Heart
Assoc. 2013;2:1e10. https://doi.org/10.1161/JAHA.113.000087.

[31] Tschiderer L, Klingenschmid G, Seekircher L, Willeit P. Carotid intima-media
thickness predicts carotid plaque development: meta-analysis of seven
studies involving 9341 participants. Eur J Clin Invest 2020;50:1e11. https://
doi.org/10.1111/eci.13217.

[32] Shimonaga K, Matsushige T, Sakamoto S, Takahashi H, Hashimoto Y, Mizoue T,
Ono C, Kurisu K. Blood flow pattern analysis for carotid plaque evaluation.
J Stroke Cerebrovasc Dis 2020;29:104539. https://doi.org/10.1016/
j.jstrokecerebrovasdis.2019.104539.

[33] Mohamied Y, Rowland EM, Bailey EL, Sherwin SJ, Schwartz MA, Weinberg PD.
Change of direction in the biomechanics of atherosclerosis. Ann Biomed Eng
2014;43:16e25. https://doi.org/10.1007/s10439-014-1095-4.

[34] Zarins CK, Giddens DP, Bharadvaj BK, Sottiurai VS, Mabon RF, Glagov S. Carotid
bifurcation atherosclerosis. Quantitative correlation of plaque localization
with flow velocity profiles and wall shear stress. Circ Res 1983;53:502e14.
https://doi.org/10.1161/01.RES.53.4.502.

[35] Wang X, Ge J. Hemodynamics of atherosclerosis: a matter of higher hydro-
static pressure or lower shear stress? Cardiovasc Res 2021:1e3. https://
doi.org/10.1093/cvr/cvab001. 64041990.

[36] Janzen J, Lanzer P, Rothenberger-Janzen K, Vuong PN. Variable extension of
the transitional zone in the medial structure of carotid artery tripod. Vasa - J.
Vasc. Dis. 2001;30:101e6. https://doi.org/10.1024/0301-1526.30.2.101.

[37] Nambi V, Chambless L, Folsom AR, He M, Hu Y, Mosley T, Volcik K,
Boerwinkle E, Ballantyne CM. Carotid intima-media thickness and presence or
23
absence of plaque improves prediction of coronary heart disease risk. J Am
Coll Cardiol 2010;55:1600e7. https://doi.org/10.1016/j.jacc.2009.11.075.

[38] Franceschini N, Giambartolomei C, de Vries PS, Finan C, Bis JC, Huntley RP,
Lovering RC, Tajuddin SM, Winkler TW, Graff M, Kavousi M, Dale C, Smith AV,
Hofer E, van Leeuwen EM, Nolte IM, Lu L, Scholz M, Sargurupremraj M,
Pitk€anen N, Franz�en O, Joshi PK, Noordam R, Marioni RE, Hwang SJ, Musani SK,
Schminke U, Palmas W, Isaacs A, Correa A, Zonderman AB, Hofman A,
Teumer A, Cox AJ, Uitterlinden AG, Wong A, Smit AJ, Newman AB, Britton A,
Ruusalepp A, Sennblad B, Hedblad B, Pasaniuc B, Penninx BW, Langefeld CD,
Wassel CL, Tzourio C, Fava C, Baldassarre D, O'Leary DH, Teupser D, Kuh D,
Tremoli E, Mannarino E, Grossi E, Boerwinkle E, Schadt EE, Ingelsson E,
Veglia F, Rivadeneira F, Beutner F, Chauhan G, Heiss G, Snieder H, Campbell H,
V€olzke H, Markus HS, Deary IJ, Jukema JW, de Graaf J, Price J, Pott J,
Hopewell JC, Liang J, Thiery J, Engmann J, Gertow K, Rice K, Taylor KD,
Dhana K, Kiemeney LALM, Lind L, Raffield LM, Launer LJ, Holdt LM, D€orr M,
Dichgans M, Traylor M, Sitzer M, Kumari M, Kivimaki M, Nalls MA,
Melander O, Raitakari O, Franco OH, Rueda-Ochoa OL, Roussos P, Whincup PH,
Amouyel P, Giral P, Anugu P, Wong Q, Malik R, Rauramaa R, Burkhardt R,
Hardy R, Schmidt R, de Mutsert R, Morris RW, Strawbridge RJ,
Wannamethee SG, H€agg S, Shah S, McLachlan S, Trompet S, Seshadri S, Kurl S,
Heckbert SR, Ring S, Harris TB, Lehtim€aki T, Galesloot TE, Shah T, de Faire U,
Plagnol V, Rosamond WD, Post W, Zhu X, Zhang X, Guo X, Saba Y, Okada Y,
Mishra A, Rutten-Jacobs L, Giese AK, van der Laan SW, Gretarsdottir S,
Anderson CD, Chong M, Adams HHH, Ago T, Almgren P, Amouyel P, Ay H,
Bartz TM, Benavente OR, Bevan S, Boncoraglio GB, Brown RD, Butterworth AS,
Carrera C, Carty CL, Chasman DI, Chen WM, Cole JW, Cotlarciuc I, Cruchaga C,
Danesh J, de Bakker PIW, DeStefano AL, den Hoed M, Duan Q, Engelter ST,
Falcone GJ, Gottesman RF, Grewal RP, Gustafsson S, Haessler J, Harris TB,
Hassan A, Havulinna AS, Holliday EG, Howard G, Hsu FC, Hyacinth HI,
Ikram MA, Irvin MR, Jian X, Jim�enez-Conde J, Johnson JA, Jukema JW, Kanai M,
Keene KL, Kissela BM, Kleindorfer DO, Kooperberg C, Kubo M, Lange L,
Langefeld CD, Langenberg C, Lee JM, Lemmens R, Leys D, Lewis CM, Lin WY,
Lindgren AG, Lorentzen E, Magnusson PK, Maguire J, Manichaikul A,
McArdle PF, Meschia JF, Mosley TH, Ninomiya T, O'Donnell MJ, Pulit SL,
Rannikm€ae K, Reiner AP, Rexrode KM, Rich SS, Ridker PM, Rost NS,
Rothwell PM, Rundek T, Sacco RL, Sakaue S, Sale MM, Salomaa V, Sapkota BR,
Schmidt R, Schmidt CO, Schminke U, Sharma P, Slowik A, Sudlow CLM,
Tanislav C, Tatlisumak T, Thijs VNS, Thorleifsson G, Thorsteinsdottir U, Tiedt S,
Trompet S, Walters M, Wareham NJ, Wassertheil-Smoller S, Wiggins KL,
Yang Q, Yusuf S, Pastinen T, Ruusalepp A, Schadt EE, Koplev S, Codoni V,
Civelek M, Smith N, Tr�egou€et DA, Christophersen IE, Roselli C, Lubitz SA,
Ellinor PT, Tai ES, Kooner JS, Kato N, He J, van der Harst P, Elliott P,
Chambers JC, Takeuchi F, Johnson AD, Sanghera DK, Melander O, Jern C,
Strbian D, Fernandez-Cadenas I, Longstreth WT, Rolfs A, Hata J, Woo D,
Rosand J, Pare G, Saleheen D, Stefansson K, Worrall BB, Kittner SJ,
Howson JMM, Kamatani Y, Dehghan A, Seldenrijk A, Morrison AC, Hamsten A,
Psaty BM, van Duijn CM, Lawlor DA, Mook-Kanamori DO, Bowden DW,
Schmidt H, Wilson JF, Wilson JG, Rotter JI, Wardlaw JM, Deanfield J, Halcox J,
Lyytik€ainen LP, Loeffler M, Evans MK, Debette S, Humphries SE, V€olker U,
Gudnason V, Hingorani AD, Bj€orkegren JLM, Casas JP, O'Donnell CJ. GWAS and
colocalization analyses implicate carotid intima-media thickness and carotid
plaque loci in cardiovascular outcomes. Nat Commun 2018;9:1e14. https://
doi.org/10.1038/s41467-018-07340-5.

[39] Ebrahim S, Papacosta O, Whincup P, Wannamethee G, Walker M,
Nicolaides AN, Dhanjil S, Griffin M, Belcaro G, Rumley A, Lowe GDO. Carotid
plaque, intima media thickness, cardiovascular risk factors, and prevalent
cardiovascular disease in men and women: the British regional heart study.
Stroke 1999;30:841e50. https://doi.org/10.1161/01.STR.30.4.841.

[40] Masson S, Latini R, Anand IS, Barlera S, Angelici L, Vago T, Tognoni G, Cohn JN.
Prognostic value of changes in N-terminal pro-brain natriuretic peptide in val-
HeFT (valsartan heart failure trial). J Am Coll Cardiol 2008;52:997e1003.
https://doi.org/10.1016/j.jacc.2008.04.069.

[41] S€oderholm M, Born�e Y, Hedblad B, Persson M, Engstr€om G. Red cell distri-
bution width in relation to incidence of stroke and carotid atherosclerosis: a
population-based cohort study. PloS One 2015;10:1e14. https://doi.org/
10.1371/journal.pone.0124957.

[42] Kishimoto S, Maruhashi T, Kajikawa M, Matsui S, Hashimoto H, Takaeko Y,
Harada T, Yamaji T, Han Y, Kihara Y, Chayama K, Goto C, Yusoff FM,
Nakashima A, Higashi Y. Hematocrit, hemoglobin and red blood cells are
associated with vascular function and vascular structure in men. Sci Rep
2020;10:1e9. https://doi.org/10.1038/s41598-020-68319-1.

[43] Nelle M, Hocker C, Zilow EP, Linderkamp O. Effects of red cell transfusion on
cardiac output and blood flow velocities in cerebral and gastrointestinal ar-
teries in premature infants. Arch Dis Child 1994;71:45e8. https://doi.org/
10.1136/fn.71.1.f45.

https://doi.org/10.1161/CIRCRESAHA.115.307611
https://doi.org/10.1161/CIRCRESAHA.115.307611
https://doi.org/10.1161/01.STR.24.9.1297
https://doi.org/10.1002/jcu.20502
https://doi.org/10.1111/joim.12605
https://doi.org/10.1111/joim.12605
http://refhub.elsevier.com/S2667-0895(21)00021-3/sref23
http://refhub.elsevier.com/S2667-0895(21)00021-3/sref23
http://refhub.elsevier.com/S2667-0895(21)00021-3/sref23
https://doi.org/10.1152/ajpheart.00474.2018
https://doi.org/10.1016/j.jvs.2004.08.030
https://doi.org/10.1161/01.ATV.12.3.307
https://doi.org/10.1161/01.ATV.12.3.307
https://doi.org/10.1001/jama.282.21.2035
https://doi.org/10.1001/jama.282.21.2035
https://doi.org/10.1152/ajpheart.01095.2006
https://doi.org/10.1161/CIRCULATIONAHA.120.046361
https://doi.org/10.1161/JAHA.113.000087
https://doi.org/10.1111/eci.13217
https://doi.org/10.1111/eci.13217
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104539
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104539
https://doi.org/10.1007/s10439-014-1095-4
https://doi.org/10.1161/01.RES.53.4.502
https://doi.org/10.1093/cvr/cvab001
https://doi.org/10.1093/cvr/cvab001
https://doi.org/10.1024/0301-1526.30.2.101
https://doi.org/10.1016/j.jacc.2009.11.075
https://doi.org/10.1038/s41467-018-07340-5
https://doi.org/10.1038/s41467-018-07340-5
https://doi.org/10.1161/01.STR.30.4.841
https://doi.org/10.1016/j.jacc.2008.04.069
https://doi.org/10.1371/journal.pone.0124957
https://doi.org/10.1371/journal.pone.0124957
https://doi.org/10.1038/s41598-020-68319-1
https://doi.org/10.1136/fn.71.1.f45
https://doi.org/10.1136/fn.71.1.f45

	Differential association of flow velocities in the carotid artery with plaques, intima media thickness and cardiac function
	Introduction
	Materials and methods
	Data sharing
	Study population
	Carotid ultrasound & echocardiography
	Laboratory measurements from blood samples
	Questionnaire and physical measures
	Statistics

	Results
	Participants’ characteristics
	Association of characteristics with peak systolic velocities

	Discussion
	Financial support
	Author contributions
	Submission declaration statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


