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Abstract
Purpose  Our aim was to compare cerebrovascular and systemic vascular function between older adults with and without 
mild cognitive impairment (MCI), and to determine which measures of vascular function best predict the presence of MCI.
Methods  In 41 adults with MCI and 33 adults without MCI (control) we compared middle cerebral artery velocity (MCAv) 
and cerebrovascular pulsatility index (PI) at rest, cerebrovascular reactivity to CO2, and responsiveness to changes in blood 
pressure (%∆MCAv/%∆MAP). Systemic vascular function was assessed by flow-mediated dilation (FMD) and stiffness by 
pulse wave velocity (PWV).
Results  Cerebrovascular PI was higher in MCI compared with control (mean ± SD: 1.17 ± 0.27 vs. 1.04 ± 0.21), and MCI 
exhibited a lower %∆MCAv/%∆MAP (1.26 ± 0.44 vs. 1.50 ± 0.55%). Absolute (p = 0.76) and relative cerebrovascular reac-
tivity to CO2 (p = 0.34) was similar between MCI and control. When age was included as a covariate the significant differ-
ence in cerebral PI between groups was lost. PWV was higher (13.2 ± 2.2 vs. 11.3 ± 2.5 m s−1) and FMD% (4.41 ± 1.70 vs. 
5.43 ± 2.15%) was lower in MCI compared with control. FMD% was positively associated with PI across the cohort. Logistic 
regression analysis indicated that FMD and PWV significantly discriminated between MCI and controls, independent of age, 
whereas the inclusion of cerebrovascular measures did not improve the predictive accuracy of the model.
Conclusion  These findings raise the possibility that early changes in systemic vascular stiffness and endothelial function 
may contribute to altered cerebrovascular haemodynamics and impaired cognitive function, and present potential targets for 
prevention and treatment strategies in people with MCI.
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cDBP	� Central diastolic blood pressure
CO2	� Carbon dioxide
cSBP	� Central systolic blood pressure
CV	� Coefficient of variation
CVC	� Cerebrovascular conductance
FMD	� Flow-mediated dilation
HR	� Heart rate
MAP	� Mean arterial blood pressure
MCAv	� Middle cerebral artery blood flow velocity
MCI	� Mild cognitive impairment
MoCA	� Montreal cognitive assessment
Pb	� Aortic backward pressure waveform
PETCO2	� End-tidal carbon dioxide
Pf	� Aortic forward pressure waveform
PI	� Cerebrovascular pulsatility index
PWV	� Pulse wave velocity
RM	� Reflection magnitude
TCD	� Transcranial Doppler ultrasonography

Introduction

The prevalence of dementia is increasing and is expected to 
directly affect 74 million adults worldwide by 2030 (WHO 
2017). Prevention of dementia and cognitive impairment 
in older adults is a major public health challenge, and thus 
the identification of modifiable risk factors across the spec-
trum of the disease is needed. The characterisation of adults 
with mild cognitive impairment (MCI) has been advocated 
because MCI increases the risk of clinical dementia by up 
to 10 times (WHO 2017), and some people demonstrate a 
capacity to restore cognitive function (Aretouli et al. 2010). 
There is a strong association between cardiovascular risk 
factors and cognitive decline (Baumgart et al. 2015; Velds-
man et al. 2020). However, the association between sys-
temic vascular and cerebrovascular function, and the extent 
to which these parameters are able to discriminate between 
adults with and without MCI is not yet fully established.

Using transcranial Doppler (TCD) ultrasonography to 
investigate the intracranial arteries, there is evidence that the 
velocity of cerebral blood flow (CBFv) is lower, indicative 
of chronic hypoperfusion, in adults with MCI (Beishon et al. 
2017). However, alterations in cerebrovascular function via 
assessments of cerebrovascular reactivity to inspired CO2 
and perturbations in blood pressure, i.e. dynamic autoregula-
tion, are conflicting (Lim et al. 2018; Tarumi et al. 2014; de 
Heus et al. 2018). There appears to be a disparity between 
changes in global cerebral blood flow in adults with MCI, 
and the corresponding measures of cerebrovascular function. 
Such measures of large cerebral artery blood flow and reac-
tivity do not likely reflect the early cerebral small-vessel and 
microvascular changes that are reported in MCI (Toth et al. 
2017), and this may explain the variance in previous reports 

(Lim et al. 2018; Shim et al. 2015; Tarumi et al. 2014; de 
Heus et al. 2018). The brain is characterised by a high-flow, 
low-resistance vascular network, and the exposure of small 
vessels to high pulsatile flow is suggested to contribute to 
downstream microvascular damage (Cooper et al. 2016; 
Cooper and Mitchell 2016). Increases in cerebral vascular 
resistance, reflecting a limited ability of the cerebral vessels 
to damp the pulsatile cerebral blood flow, is a contributing 
factor to elevations in cerebral pulsatility. There is emerging 
evidence that measures of cerebral pulsatility are associated 
with MCI (Shim et al. 2015; Roher et al. 2011; Vinciguerra 
et al. 2019) and may therefore provide a more sensitive 
marker of the associated cerebrovascular alterations than 
global cerebral blood flow and intracranial artery reactivity.

A growing body of research also highlights the associa-
tion between systemic vascular function and brain health in 
ageing adults. For example, evidence from cross-sectional 
studies demonstrate that reductions in reactive hyperaemia 
and flow-mediated dilation (FMD), and elevated pulse wave 
velocity (PWV), are associated with poor cognitive perfor-
mance and steeper declines in cognition with age (Venturelli 
et al. 2018; Vendemiale et al. 2013b; Iulita et al. 2018). 
Recent longitudinal evidence in a large cohort of older adults 
showed that elevated aortic stiffness, measured as PWV, was 
an independent predictor of the development of MCI (Pase 
et al. 2016). Indeed, there is a potentially significant role 
of systemic haemodynamic pulsatility on the structure and 
function of the brain (Avolio et al. 2018). Elevated arterial 
stiffness impairs the pressure buffering capacity of the aorta 
and carotid arteries, leading to an increase in pressure pul-
satility (Iulita et al. 2018). It is suggested that central artery 
stiffening contributes to the propagation of high pulsatile 
pressures, particularly towards the low-resistance peripheral 
vascular beds such as in the brain (O'Rourke and Safar 2005; 
Avolio et al. 2018). For this reason, elevated cerebrovascular 
pulsatility may not only reflect cerebrovascular resistance, 
but might be due to high aortic stiffness. Given the emerging 
importance of cerebral pulsatility for brain health (Roher 
et al. 2011; Hughes et al. 2018; van Sloten et al. 2015), there 
is a need to better understand the potential central determi-
nants, including aortic stiffness, central pulse wave param-
eters, and systemic vascular function, in adults displaying 
mild cognitive impairment.

A better understanding of the relationship between cer-
ebrovascular and systemic haemodynamics during the 
early stages of cognitive decline could highlight potential 
detection and/or treatment strategies. Therefore, the aim 
of this study was to compare measures of cerebrovascular 
and systemic vascular function, including cerebrovascular 
reactivity, cerebral pulsatility, aortic stiffness and systemic 
endothelial function, and to identify which combination of 
measures best discriminates between older adults with and 
without MCI. Our primary hypothesis was that the cerebral 
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pulsatility index would be elevated in people with MCI com-
pared with control participants, and would be associated 
with aortic stiffness measured using pulse wave velocity.

Methods

Participants

This study included a comparison of adults with MCI 
(n = 41) and control participants (n = 33). Those with MCI 
were recruited through the NeuroExercise project (Deven-
ney et al. 2017) at the German Sport University and were 
invited to undergo a series of additional cerebrovascular and 
cardiovascular assessments that form the basis of this cross-
sectional investigation. Healthy adults of a similar age were 
recruited as control participants through local community 
advertisements. The study conformed to the Declaration of 
Helsinki (1975) and was approved by the institutional human 
research ethics committees. Participants provided written 
informed consent and were screened to ensure they met the 
inclusion criteria prior to participation.

MCI was classified according to established clinical crite-
ria (Albert et al. 2011b), including the presence of memory 
decline without dementia (Clinical Dementia rating global 
score of 0.5), and a Montreal cognitive assessment (MoCA) 
score of 18–25 (Nasreddine et al. 2005). All MCI partici-
pants underwent cognitive assessment with a neuropsychol-
ogy dementia specialist. Control participants did not report 
any memory impairments during an initial screening for 
subjective cognitive decline based on the framework by 
Jessen et al. (2014). Prospective participants were asked: 
(1) if they have any difficulty remembering routine tasks, 
(2) remembering things that happened recently, (3) whether 
others had expressed concerns regarding their memory, and 
(4) if they feel their memory is any worse than that of others 
of a similar age. Control participants achieved a score ≥ 26 
on the MoCA during pre-study screening. MCI and control 
participants were aged between 65 and 85 years, had no his-
tory of prior cardiovascular events (i.e. no previous myocar-
dial infarction or stroke), and prospective participants with 
hypertension (> 160/100 mmHg) that was not being treated 
were excluded.

Study overview

After screening, all participants attended the laboratory on 
a single occasion to undergo a series of cerebrovascular and 
systemic vascular assessments. Participants refrained from 
alcohol and exercise for 24 h and caffeine for 12 h before 
the session and continued to take prescribed medication. 
Participants were fitted with instruments to measure middle 
cerebral artery blood flow velocity (MCAv), mean arterial 

blood pressure (MAP), end-tidal carbon dioxide (PETCO2), 
and heart rate (HR) which were recorded throughout the 
study session. After resting supine measurements were 
obtained, cerebrovascular CO2 reactivity was assessed using 
a breath-hold test. Participants then performed a repeated 
stand-to-sit test for the determination of cerebral pressure-
flow responsiveness. Baroreflex sensitivity was also assessed 
during the repeated stand-to-sit procedure. Following this, 
participants underwent a further 15 min of supine rest prior 
to assessments of peripheral and central blood pressure, 
wave reflection characteristics, and carotid-femoral PWV. 
Finally, participants underwent a test of brachial artery FMD 
as a measure of systemic endothelial function. All assess-
ments were conducted in a quiet, temperature controlled 
(23 ± 0.5 °C) laboratory.

Resting cerebrovascular measures 
and cerebrovascular pulsatility index

Resting measurements were collected during a 5-min period 
of supine rest before the cerebrovascular function test. Cere-
brovascular conductance was calculated as MCAv relative to 
MAP. Cerebrovascular pulsatility index (PI) was calculated 
using Gosling and King’s equation [PI = (Vs − Vd)/Vmean] 
(Gosling and King 1974), where Vs is the systolic velocity, 
Vd the diastolic velocity and Vmean the mean velocity.

Breath hold test—cerebrovascular reactivity to CO2

Cerebrovascular reactivity was assessed as the MCAv 
response to changes in PETCO2 that were induced with a 
repeated breath-hold test while in the supine position. The 
breath-hold test is a validated procedure to assess cerebro-
vascular function (Tancredi and Hoge 2013). After a period 
of paced breathing, participants held their breath for 20 s. A 
metronome was used as a guide for paced breathing at a rate 
of 16 breaths per min for 30 s before the next breath-hold 
started. Participants were instructed to give a small, forced 
exhalation at the end of each breath-hold. For each breath-
hold manoeuvre, the increase in PETCO2 (∆PETCO2) was cal-
culated by subtracting the average over the last two breaths 
before the breath-hold from the peak PETCO2 response 
immediately after the breath-hold. The first two breath-hold 
manoeuvres were used to familiarise participants with the 
procedure (Tancredi and Hoge 2013). Breath-holds were 
analysed separately and a total of six breath-hold responses 
per person were averaged for comparison between groups 
(Tancredi and Hoge 2013; Murphy et al. 2012). Cerebro-
vascular reactivity was calculated as the increase in MCAv 
relative to the corresponding increase in PETCO2 as abso-
lute (∆MCAv/∆PETCO2) and relative (%∆MCAv/∆PETCO2) 
responses.
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Stand‑to‑sit test: cerebral pressure‑flow 
responsiveness and baroreflex sensitivity

The repeated stand-to-sit transition test consisted of 13 
stand-to-sit transitions in a 5-min period at a frequency of 
0.05 Hz (10 s in the standing position and 10 s in the seated 
position). This same protocol has previously been used in 
older adults (van Beek et al. 2008; van Beek et al. 2010; 
Oudegeest-Sander et al. 2014; den Abeelen et al. 2014; Klein 
et al. 2020). The angle of the left knee was continuously 
measured with a bipolar sensor (Goniometer, MLTS700, 
ADInstrument, Bella Vista, NSW, Australia) to enable the 
alignment of data with each period of standing and sitting. 
During each repeated stand-to-sit transition, maximum 
values during the sit phase, and minimum (nadir) values 
during the stand phase, were identified for MCAv, MAP 
and PETCO2. Whereas for HR responses, maximum values 
were identified during the stand phase and minimum values 
during each sit phase. For each transition, the response of 
each variable was calculated using the delta (sit − stand). 
The transition delta responses were also expressed as a 
percentage of the stand phase values (%∆), and the ratio 
of %∆MCAv/%∆MAP was calculated for each transition 
as previously reported (Brassard et al. 2017; Klein et al. 
2020). Baroreflex sensitivity was calculated as the change 
from stand to sit in R-R interval relative to the change in 
systolic blood pressure (Xing et al. 2017). For each variable, 
responses during each of the 13 stand-to-sit transitions were 
averaged for further comparison between the groups.

Instrumentation and measurements 
for cerebrovascular assessments

MCAv was measured continuously using transcranial Dop-
pler ultrasonography (TCD) where a 2 Hz probe was placed 
over the right temporal window and fixed at a constant angle 
with a customised headband (Multigon, Neurovision, Elms-
ford, N.Y., USA). The MCAv signal was identified accord-
ing to standardized criteria guided by signal depth, velocity 
and wave characteristics (Aaslid et al. 1982; Willie et al. 
2011), which remained constant for the testing session. 
If a right MCAv signal could not be clearly obtained, the 
left MCAv was used (n = 7). Heart rate was monitored by 
ECG and blood pressure was measured continuously at the 
left middle- or index-finger using photoplethysmography 
(Finometer MIDI, Finapres Medical Systems, Amsterdam, 
The Netherlands). Participants breathed through a leak-free 
respiratory mask (Hans-Rudolph, Kansas City, MO, USA), 
and expired air was continuously sampled for the determi-
nation of PETCO2. All variables were sampled at 1000 Hz 
and stored (LabChart Pro v7.3.7 and PowerLab, ADInstru-
ments, Bella Vista, NSW, Australia). Time-aligned signals 

were then resampled to second-by-second (1 Hz) for visual 
inspection and analysis.

Blood pressure, wave reflection characteristics 
and pulse wave velocity

Indices of peripheral and central blood pressure, wave reflec-
tion characteristics and pulse wave velocity were measured 
in the supine position using the SphygmoCor XCEL device 
(AtCor Medical, West Ryde, NSW, Australia). These tests 
have previously been described in detail (Perissiou et al. 
2018) and were conducted in accordance with standard-
ised guidelines (Townsend et al. 2015). Blood pressure was 
measured in triplicate on the right arm, with the first assess-
ment discarded and the average of the last two used. Carotid-
to-femoral PWV was obtained by measuring the right carotid 
pulse wave using applanation tonometry, and the femoral 
pulse wave using a pneumatic cuff (inflated to 80 mmHg) at 
the right mid-thigh. Once a regular and stable carotid pulse 
was detected, femoral pulse waves were collected simulta-
neously by inflation of the thigh cuff. An aortic pressure 
waveform was generated over 10 cardiac cycles, from which 
central systolic (cSBP) and diastolic pressures (cDBP), aug-
mentation pressure (AP) and index (AIx) were calculated. 
Wave separation analysis was applied (SphygmoCor CVMS 
software, v.9) to determine the aortic forward (Pf) and back-
ward (Pb) pressure waveforms, which were expressed as the 
wave reflection magnitude (RM; Pb/Pf × 100). This method 
assumes a triangular-shaped flow wave approximated from 
the estimated aortic pressure wave (Westerhof et al. 2006). 
The Pf and Pb pressure waves correspond to the peak and 
the end of the assumed flow wave, respectively. PWV was 
calculated as the distance (m) between the carotid and 
femoral sites multiplied by 0.8, divided by the time delay 
(s) between the pulse waves (Townsend et al. 2015). PWV 
was measured in duplicate, with an average recorded. If the 
measurement difference was > 0.5 m/s, a third measurement 
was performed and the median taken (Townsend et al. 2015; 
Huybrechts et al. 2011).

Brachial artery flow‑mediated dilation

Brachial artery FMD was performed in line with technical 
recommendations described elsewhere (Thijssen et al. 2011; 
Black et al. 2008) and in accordance with previous methods 
described by our group (Bailey et al. 2018, 2017). FMD 
was performed with participants in the supine position, on 
the right arm with the cuff placed distal to the olecranon 
process. High-resolution duplex ultrasound with a 12-MHz 
multi-frequency linear array probe (T3000; Terason, Burl-
ington, MA) was used to image the brachial artery in the 
distal third of the upper arm and to simultaneously record 
the longitudinal B-mode image and Doppler blood velocity 
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trace. The Doppler angle of insonation was maintained at 
60°. Images were optimised, and the settings (depth, focus 
position and gain) were maintained during each assessment. 
Following a 60-s recording period of diameter and velocity, 
the cuff was rapidly inflated (220 mmHg) and maintained 
for 5 min (D.E. Hokanson, Bellevue, WA). Diameter and 
velocity recordings resumed 30 s prior to rapid cuff defla-
tion (< 2 s) and continued for 3 min thereafter. Analysis 
of brachial artery diameter was performed using custom-
designed edge-detection and wall-tracking software, which 
is largely independent of investigator bias. Detailed descrip-
tions of the analysis approach are described elsewhere (Thi-
jssen et al. 2011; Black et al. 2008). FMD was calculated 
as [(peak diameter − baseline diameter)/baseline diameter] 
and expressed as a percent change in vessel diameter. FMD% 
was also corrected for variability in baseline diameter 
between groups, and expressed as scaled FMD (Atkinson 
et al. 2013). From synchronised diameter and velocity data, 
blood flow (the product of lumen cross-sectional area and 
Doppler velocity) was calculated at 30 Hz. Shear rate was 
calculated as 8 times mean blood velocity/vessel diameter 
(expressed as s−1). Our laboratory has previously reported 
a between and within day coefficient of variation (CV) 
for FMD% of < 10% (Bailey et al. 2018). Consistent with 
recommendations for scaling FMD (Atkinson et al. 2013) 
and to account for the influence of baseline artery diameter 
(Atkinson 2013), FMD% was also calculated by allomet-
ric scaling of logarithmically transformed absolute diam-
eter change [difference between peak artery diameter and 
baseline diameter (in mm)]. The logged absolute diameter 
changes were then back-transformed and interpreted in the 
conventional manner to obtain allometrically scaled FMD 
(percent diameter change).

Statistical analysis

Based on the mean effect extracted from a pooled data-
set of > 500 MCI and control participants across multiple 
studies (Roher et al. 2011; Shim et al. 2015; Vinciguerra 
et al. 2019) this study was powered (alpha 0.05, beta 0.90) 
to detect a mean difference of 0.22 ± 0.20 in the primary 
variable of interest (cerebrovascular PI) between MCI and 
control. Gaussian distribution and homogeneity of vari-
ance of the data were confirmed using Shapiro–Wilk and 
Levene tests. Comparisons of cerebrovascular and sys-
temic vascular function assessments were made between 
groups (MCI v CON) using independent t tests. To account 
for the potential influence of age on vascular outcomes, 
an ANCOVA was used to further analyse differences in 
key outcomes of interest between MCI and CON. Binary 
hierarchical logistic regression analysis was employed to 
examine whether the systemic (PWV and FMD) and cer-
ebral (%MCA/%MAP and PI) measures of interest were 

able to discriminate between MCI and control. Age was 
entered at Step 1, followed by the systemic and cerebral 
variables of interest at Step 2. Large confidence intervals 
were observed for the odds ratio for PI. To address this, PI 
scores were subsequently categorised as high versus low 
(with values < 1 coded as low). However, treating PI as a 
categorical variable did not affect the results and thus raw 
values are reported.

Pearson’s correlation coefficients were used to examine 
the relationships between cerebrovascular and systemic 
function responses in the MCI and control groups. The 
effect size is reported as low if the value of r is around 0.1, 
medium if r ≥ 0.3, and large if r ≥ 0.5 (Cohen 2013). Sta-
tistical significance was set at p < 0.05. Statistical analyses 
were performed with Statistica 7.1. (StatSoft, Tulsa, USA).

A complete dataset (MCI: n = 41, CON: n = 33) was 
available for the analysis of MoCA scores and other par-
ticipant characteristics, as well as the assessment of central 
blood pressure and augmentation index. Due to techni-
cal difficulties in obtaining reliable MCAv or finger blood 
pressure signals during the sit-to-stand test, there were 
seven missing cases from the MCI group (MCI: n = 34, 
CON: n = 33); and an additional four missing MCI cases 
for the cerebrovascular reactivity dataset because of dif-
ficulties performing the breath hold manoeuvre (MCI: 
n = 30, CON: n = 33). For the assessment of pulse wave 
velocity there were four missing cases from the MCI group 
and three missing cases from the CON group (MCI: n = 37, 
CON: n = 30) because a reliable 10 s carotid artery pulse 
wave signal could not be obtained. Flow mediated dilation 
could not be assessed in two MCI cases due to poor ultra-
sound image quality (MCI: n = 39, CON: n = 33). Analyses 
were carried out with all available data without substitu-
tion or imputation for missing cases.

Results

Participant characteristics

Participant characteristics are presented in Table 1. Mean 
age of participants with MCI (75  years) was slightly 
greater than the control participants (71 years, p = 0.001); 
and the MCI group also had a significantly lower MoCA 
score (p < 0.001). The significant difference in MoCA 
scores between groups remained when accounting for age 
(p < 0.001). Resting heart rate, peripheral blood pressures, 
and BMI were all similar between groups. There was a 
difference in aspirin medication use between MCI and 
controls (p < 0.001), and higher beta blocker use in MCI 
(p = 0.06); but the use of other medications was similar 
between groups.
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Cerebrovascular measures

Cerebrovascular outcomes are presented in Table 2. Cer-
ebrovascular PI was significantly higher in MCI compared 
to control (p = 0.03), but this effect was lost when account-
ing for age as a covariate (p = 0.35). Cerebral pressure-
flow responsiveness and cerebrovascular reactivity to 
CO2 are presented in Tables 2 and 3, respectively. Rest-
ing MCAv, PETCO2 and MAP were not different between 
MCI and control groups. The MCI group showed a lower 
%∆MCAv/%∆MAP response than the control group 
(p = 0.048). When accounting for age the difference in the 
%∆MCAv/%∆MAP was lost (p = 0.08).

The change in PETCO2 was similar between groups 
during the breath-hold test. While the change in MCAv 
was significantly higher in control compared to MCI 
(p = 0.014), the peak MCAv also tended to be higher in 
control compared to MCI, but this did not reach statistical 
significance (p = 0.064). The cerebrovascular conductance 
(CVC) reactivity to CO2 (p = 0.761) and relative cerebro-
vascular reactivity (p = 0.341) was similar between MCI 
and control groups. Findings for cerebrovascular reactivity 

were unaffected when accounting for age as a covariate 
(p = 0.75).

Systemic vascular measures

Indices of central blood pressure, wave reflection characteris-
tics, pulse wave velocity and vascular function are presented in 
Table 4. Similar to the findings for peripheral blood pressure, 
there were no significant differences in central blood pressure 
or wave reflection characteristics between MCI and control 
groups. PWV was significantly higher in MCI compared with 
control (p = 0.002). Brachial artery FMD% was lower in MCI 
compared to control (p = 0.030). When accounting for age as a 
covariate, the significant differences in both PWV (p = 0.004) 
and FMD% (p = 0.02) remained. Across both cerebrovascular 
and systemic vascular outcomes, we observed similar differ-
ences between MCI and control groups when the male and 
female cohorts were considered separately (Refer to Online 
Resource: Supplementary Table 1). While some of the group 
differences were no longer statistically significant, the mag-
nitude of the differences in means were similar to the effects 
reported in the full cohort.

Table 1   Participant characteristics

 Bold p values indicate a significant difference (p < 0.05)
MoCA Montreal Cognitive Assessment, BMI body mass index, HR 
heart rate, SBP systolic blood pressure, DBP diastolic blood pressure

Variable MCI (n = 41) CON (n = 33) p value
Mean ± SD Mean ± SD

MoCA score 22 ± 2 27 ± 3  < 0.001
Age (years) 75 ± 5 71 ± 5 0.001
(Female: Male) 15:26 19:14
Height (cm) 170 ± 8.9 170 ± 8.4 0.645
Weight (kg) 77 ± 14.4 74 ± 11 0.420
BMI (kg/m2) 27.6 ± 7.7 25 ± 3 0.137
HR (bpm) 60.9 ± 9.4 62 ± 10 0.623
SBP (mmHg) 137 ± 18 135 ± 14 0.676
DBP (mmHg) 74 ± 9 76 ± 9 0.358
Comorbidities, n (%)
 Hypertension 13 (33) 10 (25) 0.219
 Hyperlipidaemia 3 (17) 4 (22) 0.823

Medication, n (%)
 Aspirin 18 (44) 2 (6)  < 0.001
 Beta-Blocker 13 (32) 2 (6) 0.062
 Angiotensin receptor 

blocker
13 (32) 4 (13) 0.340

 Calcium Channel blocker 5 (12) 4 (13) 0.106
 Statin 10 (24) 4 (13) 0.707

Table 2   Cerebrovascular pulsatility index and average cerebral pres-
sure-flow responsiveness during repeated stand-to-sit transitions in 
MCI and control groups

 Bold p values indicate a significant difference (p < 0.05)
Data represent the average responses for the repeated stand-to-sit 
transitions
PI pulsatility index, MCAv middle cerebral artery flow velocity, MAP 
mean arterial blood pressure, PETCO2 partial pressure of end-tidal 
carbon dioxide, CO cardiac output, BRS baroreflex sensitivity, MCI 
mild cognitive impairment, CON control

Variable MCI (n = 34) CON (n = 33) p value
Mean ± SD Mean ± SD

PI (ratio) 1.17 ± 0.27 1.04 ± 0.21 0.030
MCAv—nadir stand (cm 

s−1)
41.43 ± 8.61 46.90 ± 10.68 0.024

MCAv—maximum sit (cm 
s−1)

55.45 ± 11.82 60.86 ± 14.43 0.097

MCAv—∆sit-stand (cm s−1) 14.03 ± 6.23 13.89 ± 5.58 0.923
MAP—nadir stand (mmHg) 71.80 ± 13.53 77.83 ± 17.75 0.122
MAP—maximum sit 

(mmHg)
91.29 ± 14.01 96.67 ± 18.41 0.182

MAP—∆sit-stand (mmHg) 19.62 ± 5.76 18.79 ± 6.05 0.568
PETCO2—∆sit-stand 

(mmHg)
2.96 ± 1.11 2.72 ± 1.18 0.425

CO—∆sit-stand (mmHg) 1.10 ± 0.74 0.87 ± 0.81 0.232
BRS—∆sit-stand (mmHg) 3.00 ± 3.28 2.47 ± 3.24 0.508
%MCAv/%MAP (%%) 1.26 ± 0.44 1.50 ± 0.55 0.048
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Table 3   Cerebrovascular 
reactivity in MCI and control 
groups

 Bold p values indicate a significant difference (p < 0.05)
Data represent the average responses of six consecutive breath-holds
MCAv middle cerebral artery flow velocity, MAP mean arterial blood pressure, PETCO2 partial pressure 
of end-tidal carbon dioxide, CO2 reactivity cerebrovascular reactivity, CVC reactivity cerebrovascular con-
ductance reactivity, MCI mild cognitive impairment, CON control

Variable MCI (n = 30) CON (n = 33) p value
Mean ± SD Mean ± SD

PETCO2—pre (mmHg) 30.72 ± 5.47 29.30 ± 4.51 0.263
PETCO2—peak (mmHg) 37.26 ± 4.86 36.73 ± 4.99 0.670
PETCO2—∆ (mmHg) 6.54 ± 2.64 7.43 ± 3.09 0.226
MCAv—pre (cm s−1) 40.69 ± 10.42 44.59 ± 12.52 0.191
MCAv—peak (cm s−1) 46.50 ± 11.56 52.71 ± 13.99 0.064
MCAv—∆ (cm s−1) 5.81 ± 2.75 8.12 ± 4.16 0.014
MAP—pre (mmHg) 69.91 ± 11.93 72.35 ± 14.94 0.481
MAP—peak (mmHg) 72.96 ± 12.75 76.89 ± 16.60 0.300
MAP—∆ (mmHg) 3.05 ± 5.48 4.55 ± 6.93 0.348
CO2 reactivity—(cm s−1 mmHg−1) 1.31 ± 0.99 1.38 ± 1.05 0.765
CO2 reactivity—(% cm s−1 mmHg−1) 2.41 ± 1.36 2.76 ± 1.51 0.341
CVC reactivity—(∆mmHg−1) 0.014 ± 0.015 0.012 ± 0.023 0.761

Table 4   Central wave characteristics, arterial stiffness, and vascular function parameters

 Bold p values indicate a significant difference (p < 0.05)
FMD flow-mediated dilation, AIx75 augmentation index normalized to a heart rate of 75 bpm, Pf forward pressure wave, Pb backward pressure 
wave, RM reflection magnitude, PWV pulse wave velocity, SR shear rate, AUC​ area under the curve, MCI mild cognitive impairment, CON con-
trol

Variable MCI (n = 41) CON (n = 33) p value
Mean ± SD Mean ± SD

Central haemodynamic and arterial stiffness indices
Systolic pressure—(mmHg) 125.0 ± 15.7 123.8 ± 14.4 0.746
Pulse pressure—(mmHg) 49.6 ± 14.2 46.4 ± 10.8 0.293
Augmentation pressure—(mmHg) 15.0 ± 7.1 13.27 ± 5.7 0.266
AIx75—(%) 22.9 ± 10.8 21.6 ± 9.1 0.585
Pf—(mmHg) 33.0 ± 9.6 30.6 ± 5.7 0.217
Pb—(mmHg) 20.3 ± 5.1 18.4 ± 3.9 0.210
RM—(%) 62 ± 8 61 ± 6 0.662
PWV—(m.s−1) 13.2 + 2.2

(n = 37)
11.3 ± 2.5
(n = 30)

0.002

Variable MCI (n = 39) CON (n = 33) p value
Mean ± SD Mean ± SD

Flow-mediated dilation
Baseline diameter—(cm) 0.47 ± 0.07 0.43 ± 0.08 0.019
Peak diameter—(cm) 0.49 ± 0.07 0.45 ± 0.08 0.026
FMD—(%) 4.41 ± 1.78 5.43 ± 2.15 0.030
Scaled FMD—(%) 4.30 ± 1.70 5.27 ± 2.04 0.030
Time to peak—(s) 61.5 ± 24.5 52.9 ± 19.3 0.110
SRAUC​—(103 s−1) 13.36 ± 8.19 16.68 ± 8.80 0.103
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Logistic regression: vascular function measures 
that predict MCI

Model 1: systemic and cerebral outcome measures

Age significantly predicted group membership, accounting 
for 17.8% of the variance (χ2(1) = 8.601, p = 0.003, Nagel-
kerke R2 = 0.178 (Table 5). Adding the systemic and cerebral 
vascular outcome measures significantly improved the pre-
dictive accuracy of the model, accounting for 47.7% of the 
variance (χ2(4) = 17.98, p = 0.001, Nagelkerke R2 = 0.477). 
However, only the systemic measures contributed sig-
nificantly to the model. Accordingly, a second logistic 
regression analysis was performed, excluding the cerebral 
measures.

Model 2: systemic outcome measures only

Including systemic vascular outcomes only (FMD and PWV) 
accounted for 72.3% of the sample variance (Table 6). For 
each unit increase in FMD value, the odds of being in the 
MCI group decreases by 0.650, and for each unit increase in 
PWV values, the odds of being in the MCI group increases 
by 1.58 (i.e., by 58%).

Associations between cerebrovascular and systemic 
vascular outcomes in MCI and control

Correlations between MoCA scores and the cerebral and 
systemic outcomes are presented as an Online Resource 
(Supplementary Table 2). MoCA score was associated with 
FMD in the pooled cohort (n = 71, r = 0.28, p = 0.017). Cere-
brovascular PI was associated with systolic blood pressure in 
the pooled cohort (n = 67, r = 0.43, p < 0.001), and this asso-
ciation was stronger in MCI (n = 34, r = 0.46, p < 0.01) than 
in control (n = 33, r = 0.36, p < 0.05). Cerebrovascular PI was 
also negatively associated with diastolic MCAv at rest when 
examining the pooled cohort (n = 67, r = − 0.49, p < 0.01). 
These findings are shown as an Online Resource (Supple-
mentary Fig. 1). When considered separately, this asso-
ciation remained significant in control (n = 33, r = − 0.53, 
p < 0.01) and in MCI (n = 34, r = − 0.39, p = 0.022). We 
found no significant associations between PWV and cer-
ebrovascular parameters in MCI or control groups (p > 0.05). 
FMD% was positively associated with PI in the pooled 
cohort (n = 67, r = 0.28, p = 0.022), and this association was 
strong in MCI (n = 34, r = 0.56, p < 0.001), but not in control 
(n = 33, r = 0.23, p = 0.19).

Table 5   Logistic regression 
analysis of the systemic and 
cerebral vascular outcomes to 
predict MCI group membership 
(Model 1)

FMD flow-mediated dilation, PWV pulse wave velocity, MCAv middle cerebral artery flow velocity, MAP 
mean arterial blood pressure, PI pulsatility index, OR odds ratio

B SE p OR 95% CI for OR

Model 1
 Step 1
  Age 0.152 0.056 0.006 1.164 1.044 1.298

 Step 2
  Age 0.134 0.071 0.058 1.144 0.996 1.314
  FMD -0.463 0.204 0.023 0.629 0.422 0.939
  PWV 0.463 0.185 0.012 1.588 1.106 2.280
  %%MCAMAP -0.956 0.711 0.179 0.384 0.095 1.548
  PI 2.787 1.77 0.115 16.23 0.506 520.953

Table 6   Logistic regression 
analysis of the systemic vascular 
outcomes to predict MCI group 
membership (Model 2)

FMD flow-mediated dilation, PWV pulse wave velocity, MCAv middle cerebral artery flow velocity, MAP 
mean arterial blood pressure, PI pulsatility index, OR odds ratio

B SE p OR 95% CI for OR

Model 2
 Step 1
  Age 0.139 0.051 0.007 1.149 1.040 1.271

 Step 2
  Age 0.164 0.061 0.007 1.178 1.046 1.327
  FMD − 0.431 0.172 0.012 0.650 0.463 0.911
  PWV 0.460 0.170 0.007 1.584 1.136 2.208
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Discussion

This study aimed to compare cerebrovascular function, 
including cerebral PI, and systemic endothelial function 
and arterial stiffness between older adults with and without 
MCI. In the cerebrovasculature, there were negligible dif-
ferences between groups in resting cerebral blood velocity 
and cerebrovascular reactivity to changes in carbon dioxide 
(using a breath-hold test). We observed a higher cerebral 
PI and lower cerebrovascular responsiveness to changes in 
blood pressure (stand–sit test) in adults with MCI compared 
with control participants. For systemic vascular outcomes 
we observed higher aortic stiffness (PWV) and lower sys-
temic endothelial function (FMD) in adults with MCI com-
pared to control. When controlling for age, the observed 
differences in cerebral outcomes were lost and only systemic 
vascular outcomes (FMD and PWV) differed between MCI 
and control. This suggests that MCI is likely responsible for 
the differences we observed in systemic vascular outcomes.

Resting cerebral blood velocity (MCAv) was similar 
between groups in this study. Previous studies have shown 
that cerebral blood flow gradually decreases across the spec-
trum of cognitive impairment, particularly when investiga-
tions include adults across a wide spectrum of disease sever-
ity (Beishon et al. 2017). Our findings support those of De 
Heus et al. (2018) who reported significantly lower MCAv 
in adults with established dementia compared to control, 
but not in MCI (de Heus et al. 2018). One of the primary 
risk factors for end organ damage, including at the heart, 
kidneys and brain, is the chronic elevation in blood pressure, 
and large oscillations in daily blood pressure (Rickards and 
Tzeng 2014). A strength of our study is that resting blood 
pressure and heart rate were similar between MCI and con-
trol. The MCI group had higher statin and beta-blocker use, 
which may improve vascular function including FMD (Pel-
ler et al. 2015; Ruszkowski et al. 2019; Zhang et al. 2012). 
Taken together, our findings suggest that resting MCAv 
alone does not discriminate between adults with and without 
MCI, and therefore does not provide explicit insight into the 
impact of early-stage cognitive decline on cerebrovascular 
control.

Cerebral PI is traditionally interpreted as a measure of 
downstream cerebrovascular resistance (Fleysher et al. 2018) 
and is suggested to provide additional prognostic informa-
tion for small cerebral vessel disease over that of resting 
blood flow, e.g. MCAv (Kidwell et  al. 2001). Previous 
reports show that cerebral pulsatility is associated with small 
cerebral vessel disease (Shi et al. 2018) and poor cognitive 
performance (Lim et al. 2017). Cerebral PI was elevated 
in adults with MCI in this study compared with control, 
and values reported were higher than age-expected estima-
tions (Alwatban et al. 2019). Our observations are supported 

by prior evidence for elevated cerebral PI in adults with 
cognitive decline (Roher et al. 2011; Anzola et al. 2011). 
Vinciguerra et al (2019) reported elevated cerebral PI in 
adults with vascular cognitive impairment who exhibited 
white matter lesions, compared to adults without cognitive 
impairment or white matter lesions. While cerebral PI is 
indicative of increased downstream resistance and cerebral 
hypoperfusion, it did not predict the presence of MCI in this 
study. Furthermore, when we controlled for age, the differ-
ence in cerebral PI between groups was lost. The MCI group 
was slightly older than the control participants and age did, 
but cerebral vascular outcomes did not, significantly dis-
criminate between those with and without MCI in this study. 
Previous reports demonstrate that high cerebral PI (> 1.1) in 
adults with MCI leads to a higher risk ratio for accelerated 
cognitive dysfunction, and conversion to Alzheimer’s Dis-
ease (AD) (Lim et al. 2018, 2017). A possible explanation 
for the contrasting findings in our cohort might be due to the 
high individual variability in cerebral PI. Notably, when we 
treated cerebral PI as a categorical variable (i.e., cerebral 
PI > 1.1 = high) (Lim et al. 2018, 2017), our findings did 
not change.

Measures of cerebrovascular function were reason-
ably well-preserved in the MCI group. Besides resting 
MCAv not being affected, cerebrovascular CO2 reactivity 
was well maintained, and we also observed no detrimen-
tal impact of MCI on cerebral pressure-responsiveness 
(%∆MCAv%∆MAP). This is in line with the findings of De 
Heus et al. (2018), who reported a lower (better) %MCAv 
response for a given change in blood pressure in MCI com-
pared to control, which is suggestive of maintained cerebral 
autoregulation in MCI. Our group (Klein et al. 2020) and 
others (Rosenberg et al. 2020) have recently suggested that 
higher arterial stiffness leads to the greater transmission of 
pulsatile blood velocity in healthy older adults. We observed 
that higher pressure-responsiveness in the control group was 
positively associated with systemic pressure augmentation 
(AIx) in this study. These findings raise the possibility that 
vascular impairment in adults with MCI is detectable only 
in the vulnerable segments of the systemic, but not cerebral 
circulation.

An increase in arterial pulse pressure is associated with 
stiffening and a reduced buffering capacity of the aorta 
and/or conduit arteries. Pulse wave velocity is widely used 
and considered the gold-standard non-invasive measure of 
aortic arterial stiffness (Townsend et al. 2015). We showed 
that adults with MCI have higher PWV compared with 
control participants. Central artery stiffening, including at 
the aorta, is associated with poor cognitive performance 
and structural brain changes such as white matter hyper-
intensities and cerebral atrophy, in otherwise healthy 
older adults (Palta et al. 2019). Increased aortic stiffness 
reduces the pressure buffering capacity and may negatively 



1852	 European Journal of Applied Physiology (2022) 122:1843–1856

1 3

impact cerebrovascular function through the transmission 
of excessive pressure pulsatility towards the cerebral circu-
lation and microcirculation (Mitchell et al. 2011), although 
PWV and cerebral PI were not correlated in this study. 
High carotid artery pulsatility is associated with reduced 
global cerebral blood flow in MCI as measured by MRI 
(Tomoto et al. 2020). PWV has previously been associated 
with cerebral small vessel disease, Aβ-amyloid deposition 
and changes in cognition in adults with MCI (Hughes et al. 
2018). Moreover, aortic stiffness is associated with reduc-
tions in regional cerebral perfusion, measured by magnetic 
resonance imaging, and cognitive scores in participants in 
the community-based Age, Gene/Environment Susceptibil-
ity–Reykjavik study who had no history of stroke, tran-
sient ischaemic attack or dementia (Jefferson et al. 2018).

Besides alterations in vascular structure, vascular 
endothelial function also likely plays a role in cognitive 
decline (Vendemiale et al. 2013a; Csipo et al. 2019). Impair-
ments in vascular endothelial function have been reported 
in adults with AD (Dede et al. 2007; Venturelli et al. 2018), 
and among healthy older adults FMD was negatively associ-
ated with amyloid-β burden (Liu et al. 2019). In this study, 
we measured brachial artery FMD as an index of systemic 
endothelial function in adults with and without MCI. We 
observed reduced systemic vascular function in MCI, com-
pared with control. It has recently been reported that there 
is little association between brachial artery FMD and cer-
ebrovascular reactivity (Carr et al. 2020), which is consist-
ent with our findings where cerebral CO2 reactivity was not 
altered in MCI compared with control. This might suggest 
that reduced systemic endothelial-dependent function is not 
related to altered cerebrovascular health in adults with MCI 
or that the mechanisms underpinning cerebral and systemic 
endothelial function differ (Ogoh and Bailey 2021). It has, 
however, been suggested that alterations in cerebrovascu-
lar reactivity with cognitive decline may only be evident 
as disease progresses longer-term, and following alterations 
in cerebral endothelial function (Jefferson et al. 2018). To 
examine this, future studies should aim to directly assess 
shear-mediated vasodilation of the extracranial arteries 
(Carter et al. 2016; Hoiland et al. 2017) as a direct assess-
ment of cerebral endothelial function in adults with MCI.

High aortic stiffness (PWV) and endothelial dysfunction 
(FMD) predicted the presence of MCI in this study, inde-
pendent of age. In contrast, cerebrovascular outcomes did 
not distinguish between MCI and healthy adults. Interest-
ingly, when we accounted for age differences between the 
MCI and control groups, any differences in cerebrovascular 
function were lost. This is in line with previous findings 
showing no significant differences in cerebrovascular out-
comes in healthy adults who are elderly (65 + years) and 
older-elderly (74 + years) (Oudegeest-Sander et al. 2014), or 
between adults with MCI and healthy adults of the same age 

(de Heus et al. 2018). Our findings suggest that the stronger 
combination of vascular assessments for detecting MCI are 
systemic in nature. These findings add to the growing body 
of evidence demonstrating the potential for systemic vascu-
lar biomarkers in the characterisation of cognitive decline. 
Our findings support the suggestion that systemic vascular 
dysfunction is an early feature of cognitive decline, which 
is not apparent in the cerebrovasculature when measured 
by TCD.

Limitations

In the present study, cognitive status of healthy older adults 
and individuals with MCI was confirmed by using prede-
fined MoCA cut-off scores (Nasreddine et al. 2005). Fur-
thermore, individuals with MCI were recruited through the 
NeuroExercise project and had an established diagnosis 
of MCI according to the Albert et al. criteria (Devenney 
et al. 2017; Albert et al. 2011b). Even though the MoCA 
has high sensitivity (84%) and specificity (79%) to discrim-
inate between healthy older adults and individuals with 
MCI (Roalf et al. 2013), it cannot fully exclude false posi-
tives and cannot be used to assess the severity of cognitive 
impairment. Therefore, future studies might apply a more 
extensive neuropsychological test battery, which would not 
only clarify the severity of cognitive impairment, but also 
allow for comparisons between different cognitive domains. 
Based on the screening procedures used it is unlikely that 
any of the control participants had dementia, although this 
possibility cannot be excluded as a clinical dementia rat-
ing assessment was not undertaken by the control group. 
Despite our attempts to recruit a healthy control group of 
similar age, we did have a small but significant difference 
(~ 3 years) between MCI and control in this study. However, 
both groups were over 65 years of age and all are considered 
“older adults”. Cerebrovascular outcomes have previously 
been shown to be similar between elderly (65–69 years) and 
older-elderly adults (74–86 years) (Oudegeest-Sander et al. 
2014). There is evidence that cognitive impairment is more 
prevalent, and that it progresses at a faster rate in women 
compared with men (Lin et al. 2015; Sohn et al. 2018). The 
higher prevalence of cognitive impairment in women may be 
explained in-part by sex-related differences in cardiovascu-
lar risk factors and associated impairments in systemic and 
cerebrovascular function (Volgman et al. 2019). Our findings 
(see Online Resources, Supplementary Table 1) show that 
the differences in vascular function between people with and 
without MCI are likely to be generalisable to both males and 
females. We also found no differences between males and 
females for any of the measures of vascular and cerebro-
vascular function. However, this study was not powered for 
comparisons within or between the separate male and female 
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cohorts and these comparisons should be verified in future 
studies with a larger sample size.

We did not measure physical activity levels or exercise 
capacity in all the individuals included in this study, and we 
cannot discount the possibility that potential differences in 
fitness levels between groups account for the differences in 
vascular outcomes we report. We have previously shown a 
positive association between cardiorespiratory fitness and 
MoCA score in adults with MCI (Stuckenschneider et al. 
2018), and future research should aim to understand how 
cardiorespiratory fitness modifies cerebrovascular and 
systemic vascular function in adults with early cognitive 
decline. We deliberately excluded participants with prior 
cardiovascular events and untreated hypertension to main-
tain the homogeneity of the groups. It is recognised that 
cardiovascular disease exacerbates the risk of MCI and vas-
cular dysfunction (Stefanidis et al. 2019, 2017). Based on the 
age and prescription-medication profile of the participants 
included in the present study, it is likely that some partici-
pants may have or are at risk of underlying cardiovascular 
disease. It was also apparent from some of the measures of 
spontaneous blood pressure, e.g. during the cerebrovascular 
assessments (see Supplementary Fig. 1), that blood pres-
sure may have been poorly controlled in some participants, 
although mean blood pressure was not different between 
the MCI and CON groups. Future studies should confirm 
the present findings in those with and without a history of 
cardiovascular disease. To date, it is unclear which people 
with MCI progress to dementia, remain stable, or reverse 
to normal (Albert et al. 2011a; Roberts et al. 2014; Ganguli 
et al. 2011). Longitudinal prognostic studies are warranted 
to establish the role of cerebrovascular changes in the course 
of MCI and may help to identify which individuals are at 
the highest risk to progress to dementia. Consideration of 
intracranial cerebral blood flow dynamics is important for 
understanding cerebrovascular disease development. TCD 
is non-invasive and has high-temporal resolution, which 
allows for dynamic stimulus response measurement, and is 
often used in clinical populations. However, TCD does not 
measure changes in intracranial artery diameter, which have 
recently been shown to change during assessments where 
there are large changes arterial blood gases and blood pres-
sure (Hoiland et al. 2019). Despite these limitations, TCD 
remains a very useful and reliable tool in the assessment of 
intracranial cerebral blood flow velocity.

Conclusion

In the present study, cerebrovascular dysfunction, elevated 
cerebral pulsatility index and systemic arterial stiffening 
and endothelial dysfunction were observed in adults with 

mild cognitive impairment compared to health control par-
ticipants. When accounting for age, only systemic vascular 
measures significantly distinguished between people with 
and without MCI. These findings provide further insight 
into the potential cardiovascular determinants of cognitive 
decline. Further research should focus on the detection and 
prevention of systemic vascular stiffening and endothelial 
dysfunction in adults at risk of cognitive decline.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00421-​022-​04956-w.

Acknowledgements  We sincerely thank all the participants who vol-
unteered for this study. We also acknowledge Dr Petra Wollseiffen and 
Jan Weber for their assistance with language translation during the cer-
ebrovascular assessments and MoCA assessment in the control group.

Author contributions  TGB, SS and CDA conceived and designed 
research. TGB, TK, ALM, KBS, SR and TS carried out assessments 
conducted data collection. DJG, SS and CDA contributed funding 
and access to tools and software. TGB, TK, KBS, DJG and TS ana-
lyzed data. TGB and TK wrote the initial draft of the manuscript. All 
authors contributed to critical review and revisions of the manuscript. 
All authors read and approved the final manuscript.

Funding  Open Access funding enabled and organized by CAUL and 
its Member Institutions. This study was funded through a Universities 
Australia (UA) and German Academic Exchange (DAAD) collabora-
tive project grant.

Declarations 

Conflict of interest  The authors have no other interests to declare.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aaslid R, Markwalder TM, Nornes H (1982) Noninvasive transcranial 
Doppler ultrasound recording of flow velocity in basal cerebral 
arteries. J Neurosurg 57(6):769–774. https://​doi.​org/​10.​3171/​jns.​
1982.​57.6.​0769

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox 
NC, Gamst A, Holtzman DM, Jagust WJ, Petersen RC, Snyder PJ, 
Carrillo MC, Thies B, Phelps CH (2011a) The diagnosis of mild 
cognitive impairment due to Alzheimer’s disease: recommenda-
tions from the National Institute on Aging-Alzheimer’s Associa-
tion workgroups on diagnostic guidelines for Alzheimer’s disease. 

https://doi.org/10.1007/s00421-022-04956-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3171/jns.1982.57.6.0769
https://doi.org/10.3171/jns.1982.57.6.0769


1854	 European Journal of Applied Physiology (2022) 122:1843–1856

1 3

Alzheimers Dement 7(3):270–279. https://​doi.​org/​10.​1016/j.​jalz.​
2011.​03.​008

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox 
NC, Gamst A, Holtzman DM, Jagust WJ, Petersen RC, Snyder 
PJ, Carrillo MC, Thies B, Phelps CH (2011b) The diagnosis of 
mild cognitive impairment due to Alzheimer’s disease: recom-
mendations from the National Institute on Aging-Alzheimer’s 
Association workgroups on diagnostic guidelines for Alzheimer’s 
disease. Alzheimer’s Dementia 7(3):270–279. https://​doi.​org/​10.​
1016/j.​jalz.​2011.​03.​008

Alwatban MR, Liu Y, Perdomo SJ, Ward JL, Vidoni ED, Burns JM, 
Billinger SA (2019) TCD cerebral hemodynamic changes dur-
ing moderate-intensity exercise in older adults. J Neuroimaging. 
https://​doi.​org/​10.​1111/​jon.​12675

Anzola GP, Galluzzi S, Mazzucco S, Frisoni GB (2011) Autonomic 
dysfunction in mild cognitive impairment: a transcranial Dop-
pler study. Acta Neurol Scand 124(6):403–409. https://​doi.​org/​
10.​1111/j.​1600-​0404.​2011.​01495.x

Aretouli E, Okonkwo OC, Samek J, Brandt J (2010) The fate of the 0.5 
s: predictors of 2-year outcome in mild cognitive impairment. J 
Int Neuropsychol Soc 17(2):277–288

Atkinson G (2013) The dependence of FMD% on baseline diameter: a 
problem solved by allometric scaling. Clin Sci (london, England: 
1979) 125(1):53–54. https://​doi.​org/​10.​1042/​cs201​20690

Atkinson G, Batterham AM, Thijssen DH, Green DJ (2013) A new 
approach to improve the specificity of flow-mediated dilation 
for indicating endothelial function in cardiovascular research. J 
Hypertens 31(2):287–291. https://​doi.​org/​10.​1097/​HJH.​0b013​
e3283​5b8164

Avolio A, Kim MO, Adji A, Gangoda S, Avadhanam B, Tan I, Butlin 
M (2018) Cerebral haemodynamics: effects of systemic arterial 
pulsatile function and hypertension. Curr Hypertens Rep 20(3):20. 
https://​doi.​org/​10.​1007/​s11906-​018-​0822-x

Bailey TG, Perissiou M, Windsor M, Russell F, Golledge J, Green 
DJ, Askew CD (2017) Cardiorespiratory fitness modulates the 
acute flow-mediated dilation response following high-intensity 
but not moderate-intensity exercise in elderly men. J Appl Physiol 
(bethesda, Md: 1985) 122(5):1238–1248. https://​doi.​org/​10.​1152/​
jappl​physi​ol.​00935.​2016

Bailey TG, Perissiou M, Windsor MT, Schulze K, Nam M, Magee R, 
Leicht AS, Green DJ, Greaves K, Golledge J, Askew CD (2018) 
Effects of acute exercise on endothelial function in patients with 
abdominal aortic aneurysm. Am J Physiol Heart Circ Physiol 
314(1):H19-h30. https://​doi.​org/​10.​1152/​ajphe​art.​00344.​2017

Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H 
(2015) Summary of the evidence on modifiable risk factors for 
cognitive decline and dementia: a population-based perspective. 
Alzheimers Dement 11(6):718–726. https://​doi.​org/​10.​1016/j.​jalz.​
2015.​05.​016

Beishon L, Haunton VJ, Panerai RB, Robinson TG (2017) Cerebral 
hemodynamics in mild cognitive impairment: a systematic review. 
JAD 59(1):369–385. https://​doi.​org/​10.​3233/​jad-​170181

Black MA, Cable NT, Thijssen DH, Green DJ (2008) Importance of 
measuring the time course of flow-mediated dilatation in humans. 
Hypertension 51(2):203–210. https://​doi.​org/​10.​1161/​hyper​tensi​
onaha.​107.​101014

Brassard P, Ferland-Dutil H, Smirl JD, Paquette M, Le Blanc O, Malen-
fant S, Ainslie PN (2017) Evidence for hysteresis in the cerebral 
pressure-flow relationship in healthy men. Am J Physiol Heart 
Circ Physiol 312(4):H701-h704. https://​doi.​org/​10.​1152/​ajphe​art.​
00790.​2016

Carr J, Hoiland RL, Caldwell HG, Coombs GB, Howe CA, Tremblay 
JC, Green DJ, Ainslie PN (2020) Internal carotid and brachial 
artery shear-dependent vasodilator function in young healthy 
humans. J Physiol. https://​doi.​org/​10.​1113/​jp280​369

Carter HH, Atkinson CL, Heinonen IH, Haynes A, Robey E, Smith 
KJ, Ainslie PN, Hoiland RL, Green DJ (2016) Evidence for shear 
stress-mediated dilation of the internal carotid artery in humans. 
Hypertension 68(5):1217–1224. https://​doi.​org/​10.​1161/​hyper​
tensi​onaha.​116.​07698

Cohen J (2013) Statistical power analysis for the behavioral sciences. 
Academic Press, New York

Cooper LL, Mitchell GF (2016) Aortic stiffness, cerebrovascular dys-
function, and memory. Pulse 4(2–3):69–77. https://​doi.​org/​10.​
1159/​00044​8176

Cooper LL, Woodard T, Sigurdsson S, van Buchem MA, Torjesen 
AA, Inker LA, Aspelund T, Eiriksdottir G, Harris TB, Gudna-
son V, Launer LJ, Mitchell GF (2016) Cerebrovascular damage 
mediates relations between aortic stiffness and memory. Hyper-
tension 67(1):176–182. https://​doi.​org/​10.​1161/​hyper​tensi​onaha.​
115.​06398

Csipo T, Lipecz A, Fulop GA, Hand RA, Ngo B-TN, Dzialendzik 
M, Tarantini S, Balasubramanian P, Kiss T, Yabluchanska V, 
Silva-Palacios F, Courtney DL, Dasari TW, Sorond F, Sonntag 
WE, Csiszar A, Ungvari Z, Yabluchanskiy A (2019) Age-related 
decline in peripheral vascular health predicts cognitive impair-
ment. GeroScience 41(2):125–136. https://​doi.​org/​10.​1007/​
s11357-​019-​00063-5

de Heus RAA, de Jong DLK, Sanders ML, van Spijker GJ, Oudegeest-
Sander MH, Hopman MT, Lawlor BA, Olde Rikkert MGM, Claas-
sen J (2018) Dynamic regulation of cerebral blood flow in patients 
with Alzheimer disease. Hypertension 72(1):139–150. https://​doi.​
org/​10.​1161/​hyper​tensi​onaha.​118.​10900

Dede DS, Yavuz B, Yavuz BB, Cankurtaran M, Halil M, Ulger Z, Can-
kurtaran ES, Aytemir K, Kabakci G, Ariogul S (2007) Assessment 
of endothelial function in Alzheimer’s disease: is Alzheimer’s 
disease a vascular disease? J Am Geriatr Soc 55(10):1613–1617. 
https://​doi.​org/​10.​1111/j.​1532-​5415.​2007.​01378.x

den Abeelen AS, Lagro J, van Beek AH, Claassen JA (2014) Impaired 
cerebral autoregulation and vasomotor reactivity in sporadic Alz-
heimer’s disease. Curr Alzheimer Res 11(1):11–17

Devenney KE, Sanders ML, Lawlor B, Olde Rikkert MGM, Schneider 
S (2017) The effects of an extensive exercise programme on the 
progression of Mild Cognitive Impairment (MCI): study protocol 
for a randomised controlled trial. BMC Geriatr 17(1):75. https://​
doi.​org/​10.​1186/​s12877-​017-​0457-9

Fleysher R, Lipton ML, Noskin O, Rundek T, Lipton R, Derby CA 
(2018) White matter structural integrity and transcranial Dop-
pler blood flow pulsatility in normal aging. Magn Reson Imaging 
47:97–102. https://​doi.​org/​10.​1016/j.​mri.​2017.​11.​003

Ganguli M, Snitz BE, Saxton JA, Chang CC, Lee CW, Vander Bilt J, 
Hughes TF, Loewenstein DA, Unverzagt FW, Petersen RC (2011) 
Outcomes of mild cognitive impairment by definition: a popula-
tion study. Arch Neurol 68(6):761–767. https://​doi.​org/​10.​1001/​
archn​eurol.​2011.​101

Gosling RG, King DH (1974) Arterial assessment by Doppler-shift 
ultrasound. Proc R Soc Med 67(6 Pt 1):447–449

Hoiland RL, Fisher J, Ainslie P (2019) Regulation of the cerebral cir-
culation by arterial carbon dioxide. Comprehens Physiol. https://​
doi.​org/​10.​1002/​cphy.​c1800​21

Hoiland RL, Smith KJ, Carter HH, Lewis NC, Tymko MM, Wildfong 
KW, Bain AR, Green DJ, Ainslie PN (2017) Shear-mediated dila-
tion of the internal carotid artery occurs independent of hyper-
capnia. Am J Physiol Heart Circ. https://​doi.​org/​10.​1152/​ajphe​
art.​00119.​2017

Hughes TM, Wagenknecht LE, Craft S, Mintz A, Heiss G, Palta P, 
Wong D, Zhou Y, Knopman D, Mosley TH, Gottesman RF (2018) 
Arterial stiffness and dementia pathology: atherosclerosis Risk 
in Communities (ARIC)-PET Study. Neurology 90(14):e1248–
e1256. https://​doi.​org/​10.​1212/​wnl.​00000​00000​005259

https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1111/jon.12675
https://doi.org/10.1111/j.1600-0404.2011.01495.x
https://doi.org/10.1111/j.1600-0404.2011.01495.x
https://doi.org/10.1042/cs20120690
https://doi.org/10.1097/HJH.0b013e32835b8164
https://doi.org/10.1097/HJH.0b013e32835b8164
https://doi.org/10.1007/s11906-018-0822-x
https://doi.org/10.1152/japplphysiol.00935.2016
https://doi.org/10.1152/japplphysiol.00935.2016
https://doi.org/10.1152/ajpheart.00344.2017
https://doi.org/10.1016/j.jalz.2015.05.016
https://doi.org/10.1016/j.jalz.2015.05.016
https://doi.org/10.3233/jad-170181
https://doi.org/10.1161/hypertensionaha.107.101014
https://doi.org/10.1161/hypertensionaha.107.101014
https://doi.org/10.1152/ajpheart.00790.2016
https://doi.org/10.1152/ajpheart.00790.2016
https://doi.org/10.1113/jp280369
https://doi.org/10.1161/hypertensionaha.116.07698
https://doi.org/10.1161/hypertensionaha.116.07698
https://doi.org/10.1159/000448176
https://doi.org/10.1159/000448176
https://doi.org/10.1161/hypertensionaha.115.06398
https://doi.org/10.1161/hypertensionaha.115.06398
https://doi.org/10.1007/s11357-019-00063-5
https://doi.org/10.1007/s11357-019-00063-5
https://doi.org/10.1161/hypertensionaha.118.10900
https://doi.org/10.1161/hypertensionaha.118.10900
https://doi.org/10.1111/j.1532-5415.2007.01378.x
https://doi.org/10.1186/s12877-017-0457-9
https://doi.org/10.1186/s12877-017-0457-9
https://doi.org/10.1016/j.mri.2017.11.003
https://doi.org/10.1001/archneurol.2011.101
https://doi.org/10.1001/archneurol.2011.101
https://doi.org/10.1002/cphy.c180021
https://doi.org/10.1002/cphy.c180021
https://doi.org/10.1152/ajpheart.00119.2017
https://doi.org/10.1152/ajpheart.00119.2017
https://doi.org/10.1212/wnl.0000000000005259


1855European Journal of Applied Physiology (2022) 122:1843–1856	

1 3

Huybrechts SA, Devos DG, Vermeersch SJ, Mahieu D, Achten E, de 
Backer TL, Segers P, van Bortel LM (2011) Carotid to femoral 
pulse wave velocity: a comparison of real travelled aortic path 
lengths determined by MRI and superficial measurements. J 
Hypertens 29(8):1577–1582. https://​doi.​org/​10.​1097/​HJH.​0b013​
e3283​487841

Iulita MF, Noriega de la Colina A, Girouard H (2018) Arterial stiff-
ness, cognitive impairment and dementia: confounding factor or 
real risk? J Neurochem 144(5):527–548. https://​doi.​org/​10.​1111/​
jnc.​14235

Jefferson AL, Cambronero FE, Liu D, Moore EE, Neal JE, Terry JG, 
Nair S, Pechman KR, Rane S, Davis LT, Gifford KA, Hohman 
TJ, Bell SP, Wang TJ, Beckman JA, Carr JJ (2018) Higher aortic 
stiffness is related to lower cerebral blood flow and preserved cer-
ebrovascular reactivity in older adults. Circulation 138(18):1951–
1962. https://​doi.​org/​10.​1161/​circu​latio​naha.​118.​032410

Jessen F, Amariglio RE, van Boxtel M, Breteler M, Ceccaldi M, 
Chételat G, Dubois B, Dufouil C, Ellis KA, van der Flier WM, 
Glodzik L, van Harten AC, de Leon MJ, McHugh P, Mielke MM, 
Molinuevo JL, Mosconi L, Osorio RS, Perrotin A, Petersen RC, 
Rabin LA, Rami L, Reisberg B, Rentz DM, Sachdev PS, de la 
Sayette V, Saykin AJ, Scheltens P, Shulman MB, Slavin MJ, Sper-
ling RA, Stewart R, Uspenskaya O, Vellas B, Visser PJ, Wagner 
M (2014) A conceptual framework for research on subjective 
cognitive decline in preclinical Alzheimer’s disease. Alzheimer’s 
Dementia 10(6):844–852. https://​doi.​org/​10.​1016/j.​jalz.​2014.​01.​
001

Kidwell CS, el-Saden S, Livshits Z, Martin NA, Glenn TC, Saver JL 
(2001) Transcranial Doppler pulsatility indices as a measure of 
diffuse small-vessel disease. J Neuroimag 11(3):229–235. https://​
doi.​org/​10.​1111/j.​1552-​6569.​2001.​tb000​39.x

Klein T, Bailey TG, Wollseiffen P, Schneider S, Askew CD (2020) The 
effect of age on cerebral blood flow responses during repeated 
and sustained stand to sit transitions. Physiol Rep 8(9):e14421–
e14421. https://​doi.​org/​10.​14814/​phy2.​14421

Lim JS, Lee JY, Kwon HM, Lee YS (2017) The correlation between 
cerebral arterial pulsatility and cognitive dysfunction in Alzhei-
mer’s disease patients. J Neurol Sci 373:285–288. https://​doi.​org/​
10.​1016/j.​jns.​2017.​01.​001

Lim EY, Yang DW, Cho AH, Shim YS (2018) Cerebrovascular hemo-
dynamics on transcranial Doppler ultrasonography and cognitive 
decline in mild cognitive impairment. JAD 65(2):651–657. https://​
doi.​org/​10.​3233/​jad-​180026

Lin KA, Choudhury KR, Rathakrishnan BG, Marks DM, Petrella JR, 
Doraiswamy PM, Alzheimer’s Disease Neuroimaging I (2015) 
Marked gender differences in progression of mild cognitive 
impairment over 8 years. Alzheimers Dement (n y) 1(2):103–110. 
https://​doi.​org/​10.​1016/j.​trci.​2015.​07.​001

Liu Y, Perdomo SJ, Ward J, Vidoni ED, Sisante JF, Kirkendoll K, 
Burns JM, Billinger SA (2019) Vascular health is associated with 
amyloid-β in cognitively normal older adults. JAD 70(2):467–475. 
https://​doi.​org/​10.​3233/​JAD-​181268

Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, 
Kjartansson Ó, Garcia M, Aspelund T, Harris TB, Gudnason V, 
Launer LJ (2011) Arterial stiffness, pressure and flow pulsatil-
ity and brain structure and function: the Age, Gene/Environment 
Susceptibility-Reykjavik study. Brain 134(Pt 11):3398–3407. 
https://​doi.​org/​10.​1093/​brain/​awr253

Murphy TP, Cutlip DE, Regensteiner JG, Mohler ER, Cohen DJ, Reyn-
olds MR, Massaro JM, Lewis BA, Cerezo J, Oldenburg NC, Thum 
CC, Goldberg S, Jaff MR, Steffes MW, Comerota AJ, Ehrman J, 
Treat-Jacobson D, Walsh ME, Collins T, Badenhop DT, Bronas 
U, Hirsch AT (2012) Supervised exercise versus primary stent-
ing for claudication resulting from aortoiliac peripheral artery 
disease: six-month outcomes from the claudication: exercise ver-
sus endoluminal revascularization (CLEVER) study. Circulation 

125(1):130–139. https://​doi.​org/​10.​1161/​circu​latio​naha.​111.​
075770

Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V, 
Collin I, Cummings JL, Chertkow H (2005) The Montreal Cogni-
tive Assessment, MoCA: a brief screening tool for mild cognitive 
impairment. J Am Geriatr Soc 53(4):695–699. https://​doi.​org/​10.​
1111/j.​1532-​5415.​2005.​53221.x

O’Rourke MF, Safar ME (2005) Relationship between aortic stiffening 
and microvascular disease in brain and kidney: cause and logic of 
therapy. Hypertension 46(1):200–204. https://​doi.​org/​10.​1161/​01.​
Hyp.​00001​68052.​00426.​65

Ogoh S, Bailey DM (2021) Differential impact of shear rate in the 
cerebral and systemic circulation; implications for endothelial 
function. J Appl Physiol. https://​doi.​org/​10.​1152/​jappl​physi​ol.​
00735.​2020

Oudegeest-Sander MH, van Beek AHEA, Abbink K, Olde Rikkert 
MGM, Hopman MTE, Claassen JAHR (2014) Assessment of 
dynamic cerebral autoregulation and cerebrovascular CO2 reactiv-
ity in ageing by measurements of cerebral blood flow and cortical 
oxygenation. Exp Physiol 99(3):586–598. https://​doi.​org/​10.​1113/​
expph​ysiol.​2013.​076455

Palta P, Sharrett AR, Wei J, Meyer ML, Kucharska-Newton A, Power 
MC, Deal JA, Jack CR, Knopman D, Wright J, Griswold M, 
Tanaka H, Mosley TH, Heiss G (2019) Central arterial stiffness 
is associated with structural brain damage and poorer cognitive 
performance: the ARIC study. J Am Heart Assoc 8(2):e011045. 
https://​doi.​org/​10.​1161/​jaha.​118.​011045

Pase MP, Beiser A, Himali JJ, Tsao C, Satizabal CL, Vasan RS, 
Seshadri S, Mitchell GF (2016) Aortic stiffness and the risk 
of incident mild cognitive impairment and dementia. Stroke 
47(9):2256–2261. https://​doi.​org/​10.​1161/​strok​eaha.​116.​013508

Peller M, Ozierański K, Balsam P, Grabowski M, Filipiak KJ, Opol-
ski G (2015) Influence of beta-blockers on endothelial func-
tion: a meta-analysis of randomized controlled trials. Cardiol J 
22(6):708–716. https://​doi.​org/​10.​5603/​CJ.​a2015.​0042

Perissiou M, Bailey TG, Windsor M, Leicht AS, Golledge J, Askew 
CD (2018) Reliability of arterial stiffness indices at rest and fol-
lowing a single bout of moderate-intensity exercise in older adults. 
Clin Physiol Funct Imaging 39(1):42–50. https://​doi.​org/​10.​1111/​
cpf.​12537

Rickards C, Tzeng Y-C (2014) Arterial pressure and cerebral blood 
flow variability: friend or foe? A review. Front Physiol. https://​
doi.​org/​10.​3389/​fphys.​2014.​00120

Roalf DR, Moberg PJ, Xie SX, Wolk DA, Moelter ST, Arnold SE 
(2013) Comparative accuracies of two common screening instru-
ments for classification of Alzheimer’s disease, mild cognitive 
impairment, and healthy aging. Alzheimers Dement 9(5):529–
537. https://​doi.​org/​10.​1016/j.​jalz.​2012.​10.​001

Roberts RO, Knopman DS, Mielke MM, Cha RH, Pankratz VS, Chris-
tianson TJ, Geda YE, Boeve BF, Ivnik RJ, Tangalos EG, Rocca 
WA, Petersen RC (2014) Higher risk of progression to dementia in 
mild cognitive impairment cases who revert to normal. Neurology 
82(4):317–325. https://​doi.​org/​10.​1212/​WNL.​00000​00000​000055

Roher AE, Garami Z, Tyas SL, Maarouf CL, Kokjohn TA, Belohlavek 
M, Vedders LJ, Connor D, Sabbagh MN, Beach TG, Emmerling 
MR (2011) Transcranial doppler ultrasound blood flow veloc-
ity and pulsatility index as systemic indicators for Alzheimer’s 
disease. Alzheimer’s Dementia 7(4):445–455. https://​doi.​org/​10.​
1016/j.​jalz.​2010.​09.​002

Rosenberg AJ, Schroeder EC, Grigoriadis G, Wee SO, Bunsawat K, 
Heffernan KS, Fernhall B, Baynard T (2020) Aging reduces 
cerebral blood flow regulation following an acute hypertensive 
stimulus. J Appl Physiol 128(5):1186–1195. https://​doi.​org/​10.​
1152/​jappl​physi​ol.​00137.​2019

Ruszkowski P, Masajtis-Zagajewska A, Nowicki M (2019) Effects 
of combined statin and ACE inhibitor therapy on endothelial 

https://doi.org/10.1097/HJH.0b013e3283487841
https://doi.org/10.1097/HJH.0b013e3283487841
https://doi.org/10.1111/jnc.14235
https://doi.org/10.1111/jnc.14235
https://doi.org/10.1161/circulationaha.118.032410
https://doi.org/10.1016/j.jalz.2014.01.001
https://doi.org/10.1016/j.jalz.2014.01.001
https://doi.org/10.1111/j.1552-6569.2001.tb00039.x
https://doi.org/10.1111/j.1552-6569.2001.tb00039.x
https://doi.org/10.14814/phy2.14421
https://doi.org/10.1016/j.jns.2017.01.001
https://doi.org/10.1016/j.jns.2017.01.001
https://doi.org/10.3233/jad-180026
https://doi.org/10.3233/jad-180026
https://doi.org/10.1016/j.trci.2015.07.001
https://doi.org/10.3233/JAD-181268
https://doi.org/10.1093/brain/awr253
https://doi.org/10.1161/circulationaha.111.075770
https://doi.org/10.1161/circulationaha.111.075770
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1161/01.Hyp.0000168052.00426.65
https://doi.org/10.1161/01.Hyp.0000168052.00426.65
https://doi.org/10.1152/japplphysiol.00735.2020
https://doi.org/10.1152/japplphysiol.00735.2020
https://doi.org/10.1113/expphysiol.2013.076455
https://doi.org/10.1113/expphysiol.2013.076455
https://doi.org/10.1161/jaha.118.011045
https://doi.org/10.1161/strokeaha.116.013508
https://doi.org/10.5603/CJ.a2015.0042
https://doi.org/10.1111/cpf.12537
https://doi.org/10.1111/cpf.12537
https://doi.org/10.3389/fphys.2014.00120
https://doi.org/10.3389/fphys.2014.00120
https://doi.org/10.1016/j.jalz.2012.10.001
https://doi.org/10.1212/WNL.0000000000000055
https://doi.org/10.1016/j.jalz.2010.09.002
https://doi.org/10.1016/j.jalz.2010.09.002
https://doi.org/10.1152/japplphysiol.00137.2019
https://doi.org/10.1152/japplphysiol.00137.2019


1856	 European Journal of Applied Physiology (2022) 122:1843–1856

1 3

function and blood pressure in essential hypertension—a ran-
domised double-blind, placebo controlled crossover study. JRAAS 
20(3):1470320319868890. https://​doi.​org/​10.​1177/​14703​20319​
868890

Shi Y, Thrippleton MJ, Blair GW, Dickie DA, Marshall I, Hamilton I, 
Doubal FN, Chappell F, Wardlaw JM (2018) Small vessel disease 
is associated with altered cerebrovascular pulsatility but not rest-
ing cerebral blood flow. J Cereb Blood Flow Metab 40(1):85–99. 
https://​doi.​org/​10.​1177/​02716​78X18​803956

Shim YS, Yang DW, Roe CM, Coats MA, Benzinger TL, Xiong C, 
Galvin JE, Cairns NJ, Morris JC (2015) Pathological correlates 
of white matter hyperintensities on magnetic resonance imaging. 
Dement Geriatr Cogn Disord 39(1–2):92–104. https://​doi.​org/​10.​
1159/​00036​6411

Sohn D, Shpanskaya K, Lucas JE, Petrella JR, Saykin AJ, Tanzi RE, 
Samatova NF, Doraiswamy PM (2018) Sex differences in cogni-
tive decline in subjects with high likelihood of mild cognitive 
impairment due to Alzheimer’s disease. Sci Rep 8(1):7490–7490. 
https://​doi.​org/​10.​1038/​s41598-​018-​25377-w

Stefanidis K, Askew CD, Greaves K, Summers MJ (2017) The effect 
of non-stroke cardiovascular disease states on risk for cognitive 
decline and dementia: a systematic and meta-analytic review. Neu-
ropsychol Rev 28:1–15

Stefanidis KB, Isbel B, Klein T, Lagopoulos J, Askew CD, Summers 
MJ (2019) Cerebrovascular correlates of subclinical attentional 
disturbances in non-stroke cardiovascular disease. Neuroscience 
421:144–151. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2019.​09.​035

Stuckenschneider T, Askew CD, Rudiger S, Polidori MC, Abeln V, 
Vogt T, Krome A, Olde Rikkert M, Lawlor B, Schneider S (2018) 
Cardiorespiratory fitness and cognitive function are positively 
related among participants with mild and subjective cognitive 
impairment. JAD 62(4):1865–1875. https://​doi.​org/​10.​3233/​
jad-​170996

Tancredi FB, Hoge RD (2013) Comparison of cerebral vascular reac-
tivity measures obtained using breath-holding and CO2 inhalation. 
J Cerebr Blood Flow Metabol 33(7):1066–1074. https://​doi.​org/​
10.​1038/​jcbfm.​2013.​48

Tarumi T, Ayaz Khan M, Liu J, Tseng BY, Parker R, Riley J, Tinajero 
C, Zhang R (2014) Cerebral hemodynamics in normal aging: 
central artery stiffness, wave reflection, and pressure pulsatility. 
J Cerebr Blood Flow Metabol 34(6):971–978. https://​doi.​org/​10.​
1038/​jcbfm.​2014.​44

Thijssen DH, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, 
Parker B, Widlansky ME, Tschakovsky ME, Green DJ (2011) 
Assessment of flow-mediated dilation in humans: a methodologi-
cal and physiological guideline. Am J Physiol Heart Circ Physiol 
300(1):H2-12. https://​doi.​org/​10.​1152/​ajphe​art.​00471.​2010

Tomoto T, Sugawara J, Tarumi T, Chiles C, Curtis B, Pasha EP, Cullum 
CM, Zhang R (2020) Carotid arterial stiffness and cerebral blood 
flow in amnestic mild cognitive impairment. Curr Alzheimer Res 
17(12):1115–1125. https://​doi.​org/​10.​2174/​15672​05018​66621​
01131​55646

Toth P, Tarantini S, Csiszar A, Ungvari Z (2017) Functional vascu-
lar contributions to cognitive impairment and dementia: mecha-
nisms and consequences of cerebral autoregulatory dysfunction, 
endothelial impairment, and neurovascular uncoupling in aging. 
Am J Physiol Heart Circ Physiol 312(1):H1-h20. https://​doi.​org/​
10.​1152/​ajphe​art.​00581.​2016

Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, 
Cockcroft JR, Heffernan KS, Lakatta EG, McEniery CM, Mitchell 
GF, Najjar SS, Nichols WW, Urbina EM, Weber T (2015) Rec-
ommendations for improving and standardizing vascular research 
on arterial stiffness: a scientific statement From the American 
Heart Association. Hypertension 66(3):698–722. https://​doi.​org/​
10.​1161/​hyp.​00000​00000​000033

van Beek AH, Claassen JA, Rikkert MG, Jansen RW (2008) Cerebral 
autoregulation: an overview of current concepts and methodology 
with special focus on the elderly. J Cerebr Blood Flow Metabol 
28(6):1071–1085. https://​doi.​org/​10.​1038/​jcbfm.​2008.​13

van Beek AH, Olde Rikkert MG, Pasman JW, Hopman MT, Claassen 
JA (2010) Dynamic cerebral autoregulation in the old using a 
repeated sit-stand maneuver. Ultrasound Med Biol 36(2):192–201. 
https://​doi.​org/​10.​1016/j.​ultra​smedb​io.​2009.​10.​011

van Sloten TT, Protogerou AD, Henry RM, Schram MT, Launer LJ, 
Stehouwer CD (2015) Association between arterial stiffness, cer-
ebral small vessel disease and cognitive impairment: a systematic 
review and meta-analysis. Neurosci Biobehav Rev 53:121–130. 
https://​doi.​org/​10.​1016/j.​neubi​orev.​2015.​03.​011

Veldsman M, Tai X-Y, Nichols T, Smith S, Peixoto J, Manohar S, 
Husain M (2020) Cerebrovascular risk factors impact fron-
toparietal network integrity and executive function in healthy 
ageing. Nat Commun 11(1):4340. https://​doi.​org/​10.​1038/​
s41467-​020-​18201-5

Vendemiale G, Romano AD, Dagostino M, de Matthaeis A, Serviddio 
G (2013a) Endothelial dysfunction associated with mild cognitive 
impairment in elderly population. Aging Clin Exp Res 25(3):247–
255. https://​doi.​org/​10.​1007/​s40520-​013-​0043-8

Venturelli M, Pedrinolla A, Boscolo Galazzo I, Fonte C, Smania N, 
Tamburin S, Muti E, Crispoltoni L, Stabile A, Pistilli A, Rende 
M, Pizzini FB, Schena F (2018) Impact of nitric oxide bioavail-
ability on the progressive cerebral and peripheral circulatory 
impairments during aging and Alzheimer’s disease. Front Physiol. 
https://​doi.​org/​10.​3389/​fphys.​2018.​00169

Vinciguerra L, Lanza G, Puglisi V, Pennisi M, Cantone M, Bramanti 
A, Pennisi G, Bella R (2019) Transcranial Doppler ultrasound 
in vascular cognitive impairment-no dementia. PLoS ONE 
14(4):e0216162–e0216162. https://​doi.​org/​10.​1371/​journ​al.​pone.​
02161​62

Volgman AS, Bairey Merz CN, Aggarwal NT, Bittner V, Bunch TJ, 
Gorelick PB, Maki P, Patel HN, Poppas A, Ruskin J, Russo AM, 
Waldstein SR, Wenger NK, Yaffe K, Pepine CJ (2019) Sex differ-
ences in cardiovascular disease and cognitive impairment: another 
health disparity for women? J Am Heart Assoc 8(19):e013154. 
https://​doi.​org/​10.​1161/​jaha.​119.​013154

Westerhof BE, Guelen I, Westerhof N, Karemaker JM, Avolio A (2006) 
Quantification of wave reflection in the human aorta from pressure 
alone: a proof of principle. Hypertension 48(4):595–601. https://​
doi.​org/​10.​1161/​01.​Hyp.​00002​38330.​08894.​17

WHO (2017) Global action plan on the public health response to 
dementia, pp 2017–2025.44

Willie CK, Colino FL, Bailey DM, Tzeng YC, Binsted G, Jones LW, 
Haykowsky MJ, Bellapart J, Ogoh S, Smith KJ, Smirl JD, Day TA, 
Lucas SJ, Eller LK, Ainslie PN (2011) Utility of transcranial Dop-
pler ultrasound for the integrative assessment of cerebrovascular 
function. J Neurosci Methods 196(2):221–237. https://​doi.​org/​10.​
1016/j.​jneum​eth.​2011.​01.​011

Xing CY, Tarumi T, Meijers RL, Turner M, Repshas J, Xiong L, Ding 
K, Vongpatanasin W, Yuan LJ, Zhang R (2017) Arterial pressure, 
heart rate, and cerebral hemodynamics across the adult life span. 
Hypertension 69(4):712–720. https://​doi.​org/​10.​1161/​hyper​tensi​
onaha.​116.​08986

Zhang L, Gong D, Li S, Zhou X (2012) Meta-analysis of the effects 
of statin therapy on endothelial function in patients with diabetes 
mellitus. Atherosclerosis 223(1):78–85. https://​doi.​org/​10.​1016/j.​
ather​oscle​rosis.​2012.​01.​031

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/1470320319868890
https://doi.org/10.1177/1470320319868890
https://doi.org/10.1177/0271678X18803956
https://doi.org/10.1159/000366411
https://doi.org/10.1159/000366411
https://doi.org/10.1038/s41598-018-25377-w
https://doi.org/10.1016/j.neuroscience.2019.09.035
https://doi.org/10.3233/jad-170996
https://doi.org/10.3233/jad-170996
https://doi.org/10.1038/jcbfm.2013.48
https://doi.org/10.1038/jcbfm.2013.48
https://doi.org/10.1038/jcbfm.2014.44
https://doi.org/10.1038/jcbfm.2014.44
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.2174/1567205018666210113155646
https://doi.org/10.2174/1567205018666210113155646
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1161/hyp.0000000000000033
https://doi.org/10.1161/hyp.0000000000000033
https://doi.org/10.1038/jcbfm.2008.13
https://doi.org/10.1016/j.ultrasmedbio.2009.10.011
https://doi.org/10.1016/j.neubiorev.2015.03.011
https://doi.org/10.1038/s41467-020-18201-5
https://doi.org/10.1038/s41467-020-18201-5
https://doi.org/10.1007/s40520-013-0043-8
https://doi.org/10.3389/fphys.2018.00169
https://doi.org/10.1371/journal.pone.0216162
https://doi.org/10.1371/journal.pone.0216162
https://doi.org/10.1161/jaha.119.013154
https://doi.org/10.1161/01.Hyp.0000238330.08894.17
https://doi.org/10.1161/01.Hyp.0000238330.08894.17
https://doi.org/10.1016/j.jneumeth.2011.01.011
https://doi.org/10.1016/j.jneumeth.2011.01.011
https://doi.org/10.1161/hypertensionaha.116.08986
https://doi.org/10.1161/hypertensionaha.116.08986
https://doi.org/10.1016/j.atherosclerosis.2012.01.031
https://doi.org/10.1016/j.atherosclerosis.2012.01.031

	Cerebrovascular function and its association with systemic artery function and stiffness in older adults with and without mild cognitive impairment
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Study overview
	Resting cerebrovascular measures and cerebrovascular pulsatility index
	Breath hold test—cerebrovascular reactivity to CO2
	Stand-to-sit test: cerebral pressure-flow responsiveness and baroreflex sensitivity
	Instrumentation and measurements for cerebrovascular assessments
	Blood pressure, wave reflection characteristics and pulse wave velocity
	Brachial artery flow-mediated dilation
	Statistical analysis

	Results
	Participant characteristics
	Cerebrovascular measures
	Systemic vascular measures
	Logistic regression: vascular function measures that predict MCI
	Model 1: systemic and cerebral outcome measures
	Model 2: systemic outcome measures only

	Associations between cerebrovascular and systemic vascular outcomes in MCI and control

	Discussion
	Limitations

	Conclusion
	Acknowledgements 
	References




