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KEY POINTS:

= The vasodilatory response to reactive hyperaemia is impaired with advancing age,
but it is unclear if this is because of an altered wall shear rate (WSR) stimulus or an
altered flow-mediated dilatation (FMD) response.

= Using new technology that allows detailed WSR measurement, we assessed the
WSR-FMD response in healthy older people.

= Qur data show that older people have a markedly altered and diminished WSR
response to reactive hyperaemia compared with young people, but reduced WSR
alone does not fully explain reduced FMD.

= |n young people WSR appears to be coupled to FMD, but by age ~65 years, the
arterial vasodilatory response has begun to uncouple from the WSR stimulus.

= These findings point to the importance and utility of comprehensively characterising
the WSR-FMD response when using reactive hyperaemia to assess vascular function,

as well as giving new insight into the age-related alteration in vascular function.

ABSTRACT:

The vasodilatory response to reactive hyperaemia is impaired with age, but it is unknown if
this is because of an altered wall shear rate (WSR) stimulus or an altered flow-mediated
dilatation (FMD) response to the WSR stimulus. Inherent difficulties in measuring blood flow
velocity close to the arterial wall have prevented detailed assessment of the WSR-FMD
response. Using an enhanced multi-gate spectral Doppler ultrasound system [Ultrasound
Advanced Open Platform (ULA-OP)], we aimed to produce new data on the WSR-FMD
relationship in healthy older adults. Sixty healthy people [28 young (27.5+5.5yrs); 32 older
(64.943.7yrs)] underwent FMD assessment. Raw data were post-processed using custom-
designed software to obtain WSR and diameter parameters. The data revealed that older
people have a much altered and diminished WSR response to reactive hyperaemia
compared with younger people [e.g. WSR peak: 622 (571-673) vs 443 (396-491) 1/s in young
and older respectively; p<0.05]. However, reduced WSR alone does not appear to fully
explain the reduced FMD response in older people, as associations between WSR and FMD
were few and weak. This was in contrast to young adults, where associations were strong.

We conclude that WSR during FMD is much altered and diminished in older people, and that



there appears to be an ‘uncoupling’ of WSR from FMD in older people that may reflect a loss
of precision in the reactive hyperaemia stimulus-response relationship. These findings also
point to the importance and utility of comprehensively characterising the WSR-FMD

response when using reactive hyperaemia to assess vascular function.
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Vasodilatation.



INTRODUCTION:

Blood vessels are important in mammalian ageing because they permeate most tissues and
are vital to most cells. In human cardiovascular ageing, impaired function of the vascular
endothelium — the interface between tissue and blood - is apparent in the absence of
concomitant cardiovascular risk factors (Seals et al., 2011). A widely used physiological
marker of arterial endothelial function is brachial artery flow-mediated dilatation (FMD).
This is a physiological challenge that provokes an endothelium-dependent vasodilatation
(Melkumyants et al., 1989) that is predominantly nitric-oxide mediated (Green et al., 2014).
The FMD technique uses reactive hyperaemia to increase arterial wall shear rate (WSR), a
powerful mechanical stimulus for endothelial nitric oxide synthesis and subsequent
vasodilatation. Evidence to date shows that the vasodilatory response to augmented WSR is
impaired with advancing age (Lakatta & Levy, 2003; Donato et al., 2007; Gates et al., 2007),
but it is unclear whether this is because of an altered WSR stimulus or an altered FMD

response to stimulus (Tortoli et al., 2006; Aizawa et al., 2018).

An altered FMD response to a similar WSR stimulus in older adults is usually interpreted as
conduit artery endothelial dysfunction. However, if the WSR stimulus itself is different in
older adults, vascular impairment may be more diffuse and not solely attributable to the
function of the conduit artery endothelial cells. The limitation here is knowing the WSR
stimulus, because of the inherent difficulties of measuring blood flow velocity close to the
arterial wall. This is typically attempted using conventional Doppler ultrasound in
combination with a series of assumptions about haemodynamic behaviour. However, three
different approaches to measuring WSR have shown that these assumptions are not always
valid (Silber et al., 2005; Tortoli et al., 2006; Gates et al., 2018). We have recently shown
that WSR during reactive hyperaemia is complex and nuanced (Aizawa et al., 2018). To do
this, we used an enhanced multi-gate spectral Doppler system (Tortoli et al., 2011; Ramalli
et al., 2014; Ramalli et al., 2018) that measures blood velocity close to the vessel wall and
from near-to-far wall. This provides a continuous velocity profile across the vessel diameter
(Tortoli et al., 2006) and also measures diameter continuously. This allows the complete
FMD stimulus-response relationship to be obtained simultaneously and continuously over a
long period. In doing so, the system overcomes many of the limitation of using a single

pulsed-wave Doppler sample-gate and provides detailed, continuous WSR-diameter data.



Using this method in young people, we found that there was considerable heterogeneity in
the blood flow velocity profile during reactive hyperaemia. In particular, we observed the
assumed symmetrical parabolic shape of the flow velocity profile to vary greatly, with
asymmetric, blunt and M-shaped profiles being common. This variability occurred under
different flow-conditions, within the cardiac cycle, and between individuals. This points to
the importance of being able to detect flow velocity at different spatial points in the vessel
in order to extract local velocities and accurately estimate WSR continuously during reactive
hyperaemia. We found that WSR area under the curve until its return to baseline was the
strongest predictor of brachial artery FMD, reinforcing the need for continuous
measurement (Aizawa et al., 2018). We also identified a number of new WSR magnitude
and time-course variables that have not been measured previously and that more
comprehensively characterize the WSR-FMD response. However, the WSR-FMD relationship

in older people is unknown.

In this study, we aimed to produce new data on the WSR-FMD relationship in a cohort of
healthy older adults. First, we wanted to conduct a detailed analysis of the WSR-FMD
response in healthy older adults and establish a first point of reference for WSR variables
during reactive hyperaemia in this cohort. Second, we wanted to determine whether WSR
parameters during reactive hyperaemia are different in young compared with older people.
Third, we wanted to know if there are associations between WSR parameters during
reactive hyperaemia and the FMD response. Finally, we wanted to determine any
contribution of brachial artery stiffness to the WSR-FMD response so that we had a
comprehensive assessment of reactive hyperaemia - the influence of local artery stiffness on
FMD in healthy, older people is unknown, but in patients with cardiovascular risk, increased
brachial artery stiffness affects the magnitude of the FMD response (Witte et al., 2005).
Overall, we wanted to comprehensively measure the WSR-FMD response to produce

evidence essential to understanding the mechanisms of vascular dysfunction with age.

METHODS:
Ethical Approval



The UK National Research Ethics Service South West Committee (10/H0203/29) and the
institutional ethics committee “Comitato Etico di Area Vasta Nord Ovest” (3146/2010)
approved all study procedures and written informed consent was obtained from all
participants. The study conformed to the standards set by the latest revision of the

Declaration of Helsinki, except for registration in a database.

Participants

Sixty people participated in this study. Of these, 28 were young (age>20, <40 yrs; 16 from
Exeter and 12 from Pisa) and 32 were older (defined as age>60 yrs; all from Exeter). All
participants were healthy, without hypertension, type 2 diabetes, dyslipidaemia or overt
cardiovascular disease. No one took medications that modify cardiovascular risk factors.
Participants arrived in our temperature-controlled laboratories after an overnight fast. They
had blood samples drawn for biochemical analysis, consumed a standardized meal and

rested for 20 min before initiation of the study protocol.

Experimental Procedures

Brachial artery FMD was assessed as previously described (Gates et al., 2007; Gilchrist et al.,
2013; Aizawa et al., 2016; Aizawa et al., 2018) and in accordance with established guidelines
(Corretti et al., 2002; Thijssen et al., 2011). Briefly, participants lay supine on an examination
bed with the right arm fixed in position and immobilised using a positioning pillow on a
sturdy, metal table. A small blood pressure cuff was placed around the proximal part of the
forearm. Using the Ultrasound Advanced Open Platform [ULA-OP; Microelectronics Systems
Design Laboratory, University of Florence, Italy (Boni et al., 2012)] with a high-frequency
linear array transducer (LA523; Esaote SpA, Florence, Italy), B-mode ultrasound images and
multi-gate Doppler velocity data from the brachial artery were obtained as previously
described (Ramalli et al., 2014; Ramalli et al., 2015; Aizawa et al., 2018). Once the optimal
ultrasound image was obtained, the transducer was carefully clamped using a custom-
designed transducer holder to prevent movement during the procedure. Baseline brachial
artery image and blood velocity were recorded for 60 s. Once obtained, the forearm cuff
was rapidly inflated to 250 mmHg to occlude forearm blood flow for 5 min (Al6, Hokanson,
Bellevue, WA), and at 5 min, the cuff was rapidly deflated to induce reactive hyperaemia.

Recording of brachial artery image and blood velocity was re-started 30 s before cuff



deflation (Aizawa et al., 2016) and continued until 5 min after deflation. A sub-set of
participants in Exeter (young, n=14; older, n=29) had endothelium-independent dilatation
assessed using sub-lingual glyceryl trinitrate (GTN) spray (0.4 mg) after a 15-min rest. A60 s
recording was started 9 min after administering the spray. We have previously found that
measurement between 9 and 10 minutes after GTN administration captures maximal
endothelial-independent vasodilation (unpublished observation). All data processing and

subsequent data analysis were conducted in a blinded fashion.

Measurements of wall shear rate and diameter

As previously described (Aizawa et al., 2018), a custom-designed signal elaboration system
was used to extract detailed WSR and diameter parameters. The WSR magnitude, time-
course and kinetics parameters were extracted by one of the investigators (AR) and were
those identified by another investigator (PEG) as likely to be the most relevant in the first

instance. Table 1 lists all the parameters for WSR and diameter that were extracted in this

study. A schematic outline of the WSR parameters is presented in the upper panel of Figure

1 and an outline of the arterial diameter parameters is presented in the lower panel.

WSR magnitude parameters

Seven WSR magnitude parameters were analysed: 1) WSR at baseline, 2) WSR during low-
flow, 3) WSR at peak hyperaemia (WSR peak), 4) absolute WSR increase from baseline (WSR
A), 5) percentage WSR increase from baseline (WSR %A), 6) area under the WSR curve until
time to peak dilatation (WSR aucttp), and 7) area under the WSR curve (WSR auc),

measured between cuff release and the point at which WSR returned to the baseline value.

WSR time-course parameters
Two WSR time-course parameters were analysed: 1) time to peak WSR (WSR Tp) and 2) time
to return to baseline WSR (WSR Thb).

WSR kinetics parameters
In our previous work, two distinct patterns of WSR response to reactive hyperaemia were
identified, a mono-phasic and bi-phasic pattern (Aizawa et al., 2018). In the mono-phasic

pattern there is a single steep increase to peak WSR and in the bi-phasic pattern there is an



initial steep increase followed by a gradual increase to peak WSR (see Figure 1 which shows
a bi-phasic pattern). We categorised responses into these two patterns and measured the
steepness of the slope of WSR increase during reactive hyperaemia to derive two WSR
kinetics parameters: 1) first slope of WSR increase during hyperaemia (WSR SL1, an initial
steep increase), 2) the second slope of WSR increase during hyperaemia (WSR SL2, the
continued, gradual increase in WSR that is sometimes observed after the initial steep
increase and, when present, identified subjectively by AR). In line with our previous work
(Aizawa et al., 2018), we defined the mono-phasic and bi-phasic patterns of WSR increase
as: 1) mono-phasic if the peak WSR value was reached with a single, continuous steep
increase (WSR SL1) only; 2) bi-phasic if the peak WSR value was reached with an initial steep
increase (WSR SL1) followed by a gradual second increase (WSR SL2). The steepness of the

slope was measured as WSR 1/s2.

Arterial diameter magnitude parameters
Three diameter magnitude parameters were analysed: 1) baseline diameter, 2) absolute

diameter increase from baseline, and 3) percentage diameter increase from baseline.

Arterial diameter time-course parameters

Two diameter time-course parameters were analysed: 1) time to peak diameter, and 2) time
to return to baseline diameter, taken as the time between the start of reactive hyperaemia
and the time when diameter returned to its baseline value or reached a plateau that was

sustained until the end of data collection.

Measurements of brachial artery stiffness

Brachial artery stiffness parameters - PWV and B-stiffness index - were calculated from
diameter, distension and brachial artery blood pressure. PWV was obtained using the
distensibility coefficient (DC) (Henry et al., 2003) and was calculated as PWV=1/(VDCxp),
where p is blood density assumed to be 1060 kg/m3and m/s as the unit (van der Heijden-
Spek et al., 2000). B-stiffness index was calculated as B=[In(SBP/DBP)/(AD/D)]-
[In(DBP/Pref)], where In is the natural logarithm, SBP is systolic blood pressure, DBP is

diastolic blood pressure, AD is diameter distension, D is baseline diameter, Prefis a



reference pressure set at 100 mmHg and arbitrary unit as the unit (Hayashi et al., 1980;
Spronck et al., 2017). Blood pressure was obtained from the left arm before the procedure

started, and brachial artery stiffness parameters were calculated at baseline.

Statistical analysis

Data are presented as meanstSD, means (95% confidence intervals) or numbers. A Chi-
square test was used to examine the differences in categorical variables. An analysis of
covariance (study centre as a covariate) was also used to examine the differences in
variables between young and older groups. Pearson correlation and partial correlation
analyses between WSR parameters and diameter changes (absolute and percentage) were
performed separately for young and older cohorts. The study centre was included as a
control variable in the partial correlation analysis. Additionally, mean arterial pressure and
heart rate were also included as control variables in the partial correlation analysis between
PWYV and diameter changes (absolute and percentage). A log-transformation was used for
variables with skewed distribution before statistical analysis. All statistical analysis was

conducted using IBM SPSS Statistics 24 (IBM, Armonk, NY). Significance was set at p<0.05.

RESULTS:

Participants’ characteristics

Selected characteristics of the study participants are presented in Table 2. Compared with
the young cohort, the older cohort had greater body mass index, higher total cholesterol
and LDL cholesterol, higher haemoglobin Alc and fasting glucose concentration, higher

systolic and diastolic blood pressure, and lower resting heart rate (all p<0.05).

WSR parameters during brachial artery FMD: Reference values in older people

Table 3 shows WSR and diameter parameters during brachial artery FMD and GTN-
mediated dilatation from the older cohort. During cuff occlusion WSR fell to ~35 % of the
baseline value. Following cuff release, peak WSR was about nine-times greater than WSR at
baseline and 26-times greater than WSR during cuff-occlusion. Peak WSR was reached after
~12 s and was relatively homogenous between participants. The time taken to reach peak
arterial diameter averaged ~68 s, but there was substantial inter-individual variability. There

was also a lot of variability in the time taken for WSR and arterial diameter to return to
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values measured at baseline. We observed mono-phasic WSR patterns in 19 of the older

people and bi-phasic patterns in 13.

WSR parameters during brachial artery FMID: Comparison between young and older
people

WSR parameters during brachial artery FMD are shown in Table 4. WSR magnitude
parameters: WSR magnitude parameters at baseline and during low-flow were similar
between the young and older cohorts. During reactive hyperaemia, WSR peak was ~40%
higher in the young compared with the older cohort (p<0.05). The absolute WSR increase
from baseline was ~45% greater (p<0.05) and total WSR stimulus, expressed as WSR aucttp
and WSR auc, was ~40% greater in the young compared with the older cohort (both p<0.05).
WSR time-course parameters: In both cohorts, peak WSR was reached after ~12 s and WSR
returned to baseline values after ~110 s. WSR kinetics parameters: After cuff-deflation, the
initial WSR increase (WSR SL1) was ~40% steeper in the young compared with the older
cohort. A bi-phasic WSR pattern was evident in a similar number of young and older
participants (14 vs 13 people, 50.0 % vs 40.6% of the cohort, respectively). Where there was

a second WSR increase (WSR SL2), the slope was nearly twice as steep in the young people.

Diameter parameters during brachial artery FMD: Comparison between young and older
people

Diameter, magnitude and time-course parameters between cohorts during brachial artery
FMD assessment are presented in Table 4. Diameter magnitude parameters: Baseline
brachial diameter was similar between cohorts. Both absolute and percentage diameter
changes following reactive hyperaemia were significantly greater in the young compared
with the older cohort (p<0.05). Diameter time-course parameters: Time to peak diameter
was not different between cohorts. It took ~35s longer for brachial artery diameter to return

to baseline in the young compared with the older cohort (p<0.05).

WSR and diameter variables during brachial artery glyceryl trinitrate-mediated dilatation:

Comparison between young and older people
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The results from brachial artery GTN-mediated dilatation are shown in Table 5. WSR before
and during the assessment was similar between cohorts. Absolute and percentage diameter

changes during the assessment were not different between cohorts (Table 5).

Associations of WSR parameters with diameter change

The results of partial correlation analyses between WSR parameters and diameter changes
during brachial artery FMD are shown in Table 6. In the young cohort, WSR peak, WSR A,
WSR aucttp, WSR auc and WSR SL1 were significantly associated with both absolute and
percentage diameter changes (all p<0.05). In the older cohort, only WSR %A showed an
association with percentage diameter change (p<0.05); no other variables showed any

associations with diameter changes in this cohort.

Associations between baseline brachial artery diameter and WSR-FMD

The results of partial correlation analysis between baseline brachial artery diameter and
FMD parameters (diameter and WSR) are shown in Table 7. In the young cohort, WSR peak,
WSR A, WSR aucttp and WSR auc showed significant, inverse associations with baseline
brachial diameter (all p<0.05). In the older cohort, WSR A, WSR %A, WSR SL1 and WSR SL2
showed significant, inverse associations with baseline brachial diameter (all p<0.05).
Percentage diameter change was significantly and inversely associated with baseline
brachial diameter in both cohorts (both p<0.05).

Brachial artery stiffness and its association with diameter changes

Young and older cohorts had similar values for PWV [9.6 (8.7-10.4) vs 9.5 (8.7-10.2) m/s,
p=0.834] and B-stiffness index [17.9 (14.7-21.1) vs 17.2 (14.3-20.2) au, p=0.779]. Table 8
shows the results of partial correlation analysis between brachial artery stiffness parameters
and diameter changes during brachial artery FMD and GTN-mediated dilatation assessments
in each cohort. In the young cohort, no association was observed between brachial artery
stiffness parameters and diameter change obtained during FMD and GTN-mediated
dilatation assessments. Similarly, there was no association in the older cohort, although
there was a trend for an association between PWV and percentage diameter change during

GTN-mediated dilatation assessment (p=0.08).

DISCUSSION:
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The main finding of this study is that older people have an altered and much diminished
WSR response to reactive hyperaemia during FMD. However, reduced WSR alone does not
appear to be sufficient to fully explain the reduced FMD response seen in older people. In
our cohort of older people, there were few associations between WSR parameters and the
FMD response, and those that did exist were weak. This was in contrast to younger adults,
where associations between the WSR stimulus and the FMD response were strong. Our data
indicate that in young people WSR is coupled to FMD, but by age ~65 years, the arterial

vasodilatory response has begun to uncouple from the WSR stimulus during hyperaemia.

Diminished WSR during reactive hyperaemia in older people

Age diminishes hyperaemic WSR magnitude and kinetics. There were no differences
between young and older people in baseline or low-flow WSR, but all five WSR magnitude
parameters during reactive hyperaemia were substantially lower in the older cohort. The
increase in WSR following cuff-release was also more gradual and the slope less steep (WSR
SL1, and WSR SL2 when present) in older people. Although the time taken to reach peak
WSR was not different from the young cohort, we note that in the same period of time
(~12s), older people were unable to reach a similar magnitude of WSR. Similarly, the time
for WSR to return to baseline was similar between younger and older people. Overall, our
data show that WSR magnitude and rate of change during hyperaemia is markedly reduced

in older people.

Association between diminished hyperaemic WSR magnitude and reduced FMD. Consistent
with many previous studies [for review, see: (Seals et al., 2006; Seals et al., 2011)], we found
that brachial artery diameter change was lower in older people in response to hyperaemia.
In this study, we were able to show that WSR during hyperaemia was also diminished and,
consequently, the stimulus for brachial artery dilatation was reduced. The function of
vasodilatation during reactive hyperaemia is to normalise WSR and thereby protect the
vessel wall. It might be, therefore, that the lower vasodilatory response in older people is
appropriate for the diminished WSR stimulus. That is, diminished WSR during reactive

hyperaemia means that the reduced FMD response observed in older people is the
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appropriate response to the (reduced) WSR stimulus, rather than a consequence of a

dysfunctional brachial artery vasodilatory response.

Reduced WSR during FMD means that there is less stimulus for vasodilation, but further
analysis of our data reveal that the explanation for reduced FMD may be more complex
than a diminished WSR stimulus alone. In younger people, the WSR response was strongly
associated with brachial artery dilatation, suggesting an intact stimulus-response
relationship. However, in the older cohort, associations between the hyperaemic WSR
parameters and FMD were absent or very weak. The strongest predictors of FMD in young
people were not associated with FMD in the older cohort, and the only significant
association was between WSR percentage change and percentage diameter change.
Although our data show that in older people the brachial artery responds to an increased

WSR, the stimulus-response relationship appears to be, to an extent, uncoupled.

Uncoupling of the WSR stimulus from the FMD response suggests that the vascular
endothelium has lost the ability to produce a precise normalisation of WSR. Many factors
could exert an influence on the ability of an artery to dilate when stimulated, including local
arterial stiffness and the sequence of events from mechano-transduction of the WSR
stimulus to endothelium-derived nitric oxide synthesis, hyperpolarisation, and the overall
bioavailability of endothelial-derived relaxing and contracting factors to smooth muscle

cells.

Brachial artery stiffness does not influence age-related differences in WSR-FMD. Increased
brachial artery stiffness in older people could alter the haemodynamic and vasodilatory
response to reactive hyperaemia. Stiffening of the large elastic arteries (Avolio et al., 1983)
and an overall increase in systemic vascular impedance (Mazzaro et al., 2005) is a prominent
feature of vascular ageing and is influenced by health, nutrition and lifestyle factors (Gates
et al., 2004; Gates et al., 2005; Seals & Gates, 2005; Gates & Seals, 2006). If the brachial
artery also becomes stiff with age, it could, conceptually (Witte et al., 2005), mechanically
resist vasodilatation and reduce the FMD response. In this study, the integrated ultrasound
system allowed us to use continuous diameter tracking of the brachial artery to obtain

distention data, and from this, calculate PWV and B-stiffness index during the baseline data
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acquisition. We found that brachial artery stiffness, whether expressed as local PWV (blood
pressure-dependent) or B-stiffness index (blood pressure-independent), was similar
between the younger and older cohorts. Furthermore, neither cohort demonstrated any
associations between brachial artery stiffness and the magnitude of FMD response, nor
between brachial artery stiffness and the GTN-mediated vasodilatory response. These
observations suggest that brachial artery stiffness did not play a major role in modulating
the vasodilatory response following either haemodynamic or exogenous vasodilatory
stimulation in this study. Importantly, brachial artery stiffness does not appear to explain

the age-related reduction in the FMD response observed in our cohort of older people.

Mechano-transduction and endothelial-derived relaxing- and contracting- factors. One
explanation of our data is that in older adults the WSR stimulus is not transduced as
precisely as it is in younger people. Recent evidence obtained using intravital microscopy
and electron microscopy (Machin et al., 2017; Machin et al., 2018) has shown that the
endothelial glycocalyx is diminished in older people and old mice. The glycocalyx plays an
important role in transducing WSR to the endothelial cell and a diminished glycocalyx in
older people could, to an extent, ‘uncouple’ WSR from the vascular endothelium during

reactive hyperaemia.

Likewise, age-associated intra-cellular changes may alter the cellular response to WSR. For
example, reduced nitric oxide bioavailability resulting from increased oxidative stress
(Donato et al., 2007), a shift in balance between nitric oxide and endothelin-1 (Donato et al.,
2009) and a reduction in the bioavailability of the enzyme co-factor tetrahydrobiopterin
(Eskurza et al., 2005) have all been reported in aged endothelium. Preliminary data from
mouse primary endothelial cells and from commercial human endothelial cells indicate that
ageing causes a shift away from glycolytic metabolism to a greater reliance on mitochondria
(Gogulamudi et al., 2017). This raises the possibility of a mitochondrial source of superoxide
that increases oxidative stress in older endothelial cells (Gogulamudi et al., 2017) and
reduces nitric oxide bioavailability. Alterations in the ability of endothelial cells to
hyperpolarise smooth muscle cells and changes in vasoconstrictor activity (for review, see:
(Vanhoutte et al., 2017) may also be important components that could reduce the precision

of the FMD response to an increase in WSR during reactive hyperaemia. All of these
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mechanisms lie downstream of the WSR stimulus and may contribute to the diminished
strength of association between WSR and FMD in older people. Alternative explanations
need to be considered, but our data demonstrate the importance of knowing the WSR

stimulus in order to investigate the role of downstream mechanisms of vasodilatation to
reactive hyperaemia and to more accurately understand vascular dysfunction measured

using FMD.

Causes of reduced WSR during reactive hyperaemia in older adults. Altered WSR during
reactive hyperaemia also conjures a conundrum: if this represents a failure of the
endothelium to adequately normalise the sudden increase in WSR, we might expect that
WSR would be higher in older people, not lower. An explanation could be that older people
do not augment WSR during reactive hyperaemia to the extent that young people do.
Reactive hyperaemia following cuff release is mostly the result of microvascular dilatation in
response to ischaemia during cuff-occlusion. The extent of this dilatation and subsequent
reperfusion influences blood flow and, therefore, WSR (Mitchell et al., 2004). If the
microvascular response to cuff-occlusion is altered and/or diminished in older people, this
could alter brachial artery WSR during reperfusion. We have previously shown distinct
differences in the autoregulatory response to reperfusion by microvessels, and these
differences temporally altered perfusion and oxygenation of tissue. (Adingupu et al., 2015).
Structural alterations in the microcirculation (Schiffrin, 2004) can also influence its ability to
respond to ischemia-reperfusion, which might influence the upstream WSR stimulus. Age-
related changes to the microvascular endothelium (Gates et al., 2009; Strain et al., 2010)
and diminished microvascular glycocalyx and mechano-transduction (Machin et al., 2018)
could also combine to alter the pattern and amplitude of the WSR stimulus in older people.
Consolidating these ideas, an abnormal microvascular response during cuff-occlusion may
result in a diminished WSR during hyperaemia with a correspondingly low FMD; further, the
FMD response is less precise in older people, perhaps because of altered mechano-

transduction and age-associated changes in endothelial cell function.

Novel WSR data in older people
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Novel WSR parameters in healthy older people. In this study we have produced new data
that give a first point of reference for WSR-FMD in older people. As well as demonstrating
the need to know WSR during hyperaemia, our data show that the mono-phasic and bi-
phasic patterns of WSR seen in younger people (Aizawa et al., 2018) are also evident in
older people, although the significance and utility of these patterns is uncertain. Mono-
(n=19) and bi-phasic (n=13) WSR patterns did not appear to influence FMD in older people
after controlling for hyperaemic WSR, but these different patterns are of interest because

they may be indicators of different physiological responses to reperfusion.

WSR and brachial artery diameter during low-flow in older people. During cuff-occlusion
WSR was reduced in 28 out of 32 people and of these, five reduced brachial artery diameter
and the remainder increased it. In four people who exhibited an increased WSR during cuff-
occlusion, one exhibited reduced- and three people increased- brachial artery diameter. In
keeping with our previous observations (Aizawa et al., 2018), these findings suggest that the

brachial artery response to low-flow might be independent of WSR in older people.

WSR response and vasodilatory response to glyceryl trinitrate are preserved with ageing. In
young people, WSR was slightly reduced at the time of peak diameter after GTN
administration, indicating that GTN-mediated vasodilatation is WSR-independent (Aizawa et
al., 2018). Our data from older adults are similar, suggesting that GTN administration
overrides any effect of altered WSR in older people and that the sensitivity of vascular

smooth muscle to an exogenous nitric oxide donor is preserved.

Implication and applications

WSR-FMD as a biomarker. Our findings reveal for the first time that older people have a
diminished WSR response during WSR-FMD compared with young people. This has
important implications for the accurate interpretation of FMD in general and also for our
understanding of vascular ageing. The differences between our two cohorts also suggest
that the measurement of WSR-FMD could produce a specific ‘signature’ of vascular function
using the forearm model and adds to our work to develop novel biomarkers to provide

intermediate predictors of cardiovascular events (Shore et al., 2018). The measurement of
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WSR provides detailed and nuanced data that has the potential to be applied to different
diseases, interventions or physiological manipulations. This study also demonstrates the
utility of multi-gate Doppler and the challenge now is for this to become more widely

available.

Normalising FMD to WSR in older people. Thijssen et al. (Thijssen et al., 2009) have
cautioned against normalising FMD to WSR in older adults. Our data contribute evidence
consistent with this assertion and we suggest that the WSR stimulus and FMD responses
should be reported together but without normalising FMD to WSR. It may be possible to
develop population-specific statistical approaches to normalise FMD to WSR, but the
problem of normalising artery dilatation to a complex, non-linear or two-dimensional (area
under the curve) WSR stimulus should be resolved first. Given that three separate methods
— MRI (Silber et al., 2005), multi-gate Doppler (Tortoli et al., 2006) and echo particle image
velocimetry (Gurung et al., 2017; Gates et al., 2018) — indicate the assumptions used to
calculate WSR from centre-line Doppler velocity are not valid, and given the complexity of
the WSR response demonstrated in this study, caution should be exercised using this

method to interpret FMD data.

Association of baseline brachial artery diameter with WSR and the FMD response. The
association of baseline brachial artery diameter with FMD has been well reported and
creates problems if baseline brachial artery diameter is different between cohorts. In our
cohorts, brachial artery diameter was similar. Analysis of our data revealed for the first time
that baseline brachial artery diameter was also associated with WSR during FMD and that
this association tended to be stronger in young people. Understanding if this is mechanical
and/or physiological is beyond the scope of the present study, but these new finding
warrant attention. It will also be necessary to determine how to statistically analyse and
scale baseline diameter to WSR responses so that groups with different baseline diameters
can be compared. For example, in our cohorts, females and males were included in both
groups in a balanced design. However, had the aim of our study been to determine sex-
specific differences in WSR-FMD, amongst other things, the design would need to account
for any differences in arterial diameter between females and males. We also note here that

the vasodilatory control by endothelial-derived relaxing- and contracting- factors may differ
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between females and males (Vanhoutte et al., 2017) and that there may be an interaction
with age. Thus, our study suggests the need to determine sex differences in WSR during

FMD, the influence on downstream signalling mechanisms and the interaction with ageing.

Conclusion

This study demonstrates that WSR during FMD is much diminished in older people. There
also appears to be an ‘uncoupling’ of WSR from FMD in older people that may reflect a loss
of precision in the stimulus-response relationship. We speculate that diminished WSR
during reactive hyperaemia is due to a dysfunctional microvascular response during
ischaemia and/or reperfusion and the loss of precision in the stimulus-response relationship
is caused by a loss of mechano-transduction of the WSR stimulus and/or endothelial cell

dysfunction.
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TRANSLATIONAL PERSPECTIVE:

Brachial artery flow-mediated dilatation (FMD), a widely used marker of arterial endothelial
cell function, uses reactive hyperaemia to increase arterial wall shear rate (WSR), a powerful
mechanical stimulus for arterial vasodilatation. In this study, we show that older people
have an altered and much diminished WSR during FMD and that the FMD response has
begun to ‘uncouple’ from the WSR stimulus. This suggests that diminished FMD is partly due
to an altered WSR, rather than brachial artery endothelial dysfunction alone. This provides
new insight into the age-related decline in vascular function, which is a precursor to
cardiovascular diseases and likely complicates diseases with significant vascular
involvement. We also found that WSR during FMD is complex, detailed and nuanced.
Differences between older and younger people suggest that WSR measurement could
provide a specific ‘signature’ of vascular function that might be specific to different diseases
and different stages of a disease. In this case, it may give clues about the underlying disease
and facilitate clinical management. Our findings also indicate the need for careful

interpretation of studies that use FMD as a clinical outcome. For example, arterial FMD is
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diminished in patients with cardiovascular disease, but, based upon our findings, it is
possible that WSR is diminished during hyperaemia in these patients, explaining some of the
impaired FMD. In this case, the microvasculature might be the site responsible for reduced
WSR and an important site of vascular dysfunction in patients with poor FMD. Clinical

studies are needed to test these speculative ideas.

GRANTS:

This study was supported by the European Union’s Seventh Framework Programme
(FP7/2007-2013) for the Innovative Medicine Initiative under grant agreement number
IM1/115006 (the SUMMIT consortium), in part by the National Institute of Health Research
(NIHR) Exeter Clinical Research Facility, and by the Italian Ministry of University and
Research (MIUR, Project PRIN 2010-2011). The views expressed are those of the authors and
not necessarily those of the National Health Service, the NIHR, the Department of Health or

the MIUR.

COMPETING INTERESTS:

Nothing to disclose.

REFERENCES:

Adingupu DD, Thorn CE, Casanova F, Elyas S, Gooding K, Gilchrist M, Aizawa K, Gates PE, Shore AC &
Strain DW. (2015). Blood Oxygen Saturation After Ischemia is Altered With Abnormal
Microvascular Reperfusion. Microcirculation 22, 294-305.

Aizawa K, Elyas S, Adingupu DD, Casanova F, Gooding KM, Strain WD, Shore AC & Gates PE. (2016).
Reactivity to low-flow as a potential determinant for brachial artery flow-mediated
vasodilatation. Physiological reports 4, e12808.

Aizawa K, Sbragi S, Ramalli A, Tortoli P, Casanova F, Morizzo C, Thorn CE, Shore AC, Gates PE &
Palombo C. (2018). Brachial artery vasodilatory response and wall shear rate determined by
multigate Doppler in a healthy young cohort. Journal of applied physiology 124, 150-159.

Avolio AP, Chen SG, Wang RP, Zhang CL, Li MF & O'Rourke MF. (1983). Effects of aging on changing
arterial compliance and left ventricular load in a northern Chinese urban community.
Circulation 68, 50-58.

Boni E, Bassi L, Dallai A, Guidi F, Ramalli A, Ricci S, Housden J & Tortoli P. (2012). A reconfigurable
and programmable FPGA-based system for nonstandard ultrasound methods. IEEE Trans
Ultrason Ferroelectr Freq Control 59, 1378-1385.



20

Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F, Creager MA, Deanfield J,
Drexler H, Gerhard-Herman M, Herrington D, Vallance P, Vita J & Vogel R. (2002). Guidelines
for the ultrasound assessment of endothelial-dependent flow-mediated vasodilation of the
brachial artery: a report of the International Brachial Artery Reactivity Task Force. JAm Coll
Cardiol 39, 257-265.

Donato AJ, Eskurza |, Silver AE, Levy AS, Pierce GL, Gates PE & Seals DR. (2007). Direct evidence of
endothelial oxidative stress with aging in humans: relation to impaired endothelium-
dependent dilation and upregulation of nuclear factor-kappaB. Circ Res 100, 1659-1666.

Donato AJ, Gano LB, Eskurza |, Silver AE, Gates PE, Jablonski K & Seals DR. (2009). Vascular
endothelial dysfunction with aging: endothelin-1 and endothelial nitric oxide synthase. Am J
Physiol Heart Circ Physiol 297, H425-432.

Eskurza I, Myerburgh LA, Kahn ZD & Seals DR. (2005). Tetrahydrobiopterin augments endothelium-
dependent dilatation in sedentary but not in habitually exercising older adults. J Physiol 568,
1057-1065.

Gates PE, Boucher ML, Silver AE, Monahan KD & Seals DR. (2007). Impaired flow-mediated dilation
with age is not explained by L-arginine bioavailability or endothelial asymmetric
dimethylarginine protein expression. J Appl Physiol 102, 63-71.

Gates PE, Gurung A, Mazzaro L, Aizawa K, Elyas S, Strain WD, Shore AC & Shandas R. (2018).
Measurement of Wall Shear Stress Exerted by Flowing Blood in the Human Carotid Artery:
Ultrasound Doppler Velocimetry and Echo Particle Image Velocimetry. Ultrasound Med Biol
44, 1392-1401.

Gates PE, Moreau KL, Eskurza | & Seals DR. (2005). Aging and cardiovascular function with acute and
habitual exercise. . Eur Rev Aging Phys Act 2, 35-46.

Gates PE & Seals DR. (2006). Decline in large elastic artery compliance with age: a therapeutic target
for habitual exercise. Br J Sports Med 40, 897-899.

Gates PE, Strain WD & Shore AC. (2009). Human endothelial function and microvascular ageing. Exp
Physiol 94, 311-316.

Gates PE, Tanaka H, Hiatt WR & Seals DR. (2004). Dietary sodium restriction rapidly improves large
elastic artery compliance in older adults with systolic hypertension. Hypertension 44, 35-41.

Gilchrist M, Winyard PG, Aizawa K, Anning C, Shore A & Benjamin N. (2013). Effect of dietary nitrate
on blood pressure, endothelial function, and insulin sensitivity in type 2 diabetes. Free Radic
Biol Med 60, 89-97.

Gogulamudi VR, Ho MH, Lesniewski LA, Gates PE & Donato AJ. (2017). Reduced glycolysis and
increased oxygen consumption with aging in endothelial cells. The Physiologist 60, 442-443
(conference proceedings).

Green DJ, Dawson EA, Groenewoud HM, Jones H & Thijssen DH. (2014). Is flow-mediated dilation
nitric oxide mediated?: a meta-analysis. Hypertension 63, 376-382.



21

Gurung A, Gates PE, Mazzaro L, Fulford J, Zhang F, Barker AJ, Hertzberg J, Aizawa K, Strain WD, Elyas
S, Shore AC & Shandas R. (2017). Echo Particle Image Velocimetry for Estimation of Carotid
Artery Wall Shear Stress: Repeatability, Reproducibility and Comparison with Phase-Contrast
Magnetic Resonance Imaging. Ultrasound Med Biol 43, 1618-1627.

Hayashi K, Handa H, Nagasawa S, Okumura A & Moritake K. (1980). Stiffness and elastic behavior of
human intracranial and extracranial arteries. J Biomech 13, 175-184.

Henry RM, Kostense PJ, Spijkerman AM, Dekker JM, Nijpels G, Heine RJ, Kamp O, Westerhof N,
Bouter LM, Stehouwer CD & Hoorn S. (2003). Arterial stiffness increases with deteriorating
glucose tolerance status: the Hoorn Study. Circulation 107, 2089-2095.

Lakatta EG & Levy D. (2003). Arterial and cardiac aging: major shareholders in cardiovascular disease
enterprises: Part |: aging arteries: a "set up" for vascular disease. Circulation 107, 139-146.

Machin DR, Bloom SI, Campbell RA, Phuong TTT, Gates PE, Lesniewski LA, Rondina MT & Donato AJ.
(2018). Advanced age results in a diminished endothelial glycocalyx. Am J Physiol Heart Circ
Physiol 315, H531-H539.

Machin DR, Gates PE, Vink H, Frech TM & Donato AJ. (2017). Automated Measurement of
Microvascular Function Reveals Dysfunction in Systemic Sclerosis: A Cross-sectional Study. J
Rheumatol 44, 1603-1611.

Mazzaro L, Almasi SJ, Shandas R, Seals DR & Gates PE. (2005). Aortic input impedance increases with
age in healthy men and women. Hypertension 45, 1101-1106.

Melkumyants AM, Balashov SA & Khayutin VM. (1989). Endothelium dependent control of arterial
diameter by blood viscosity. Cardiovasc Res 23, 741-747.

Mitchell GF, Parise H, Vita JA, Larson MG, Warner E, Keaney JF, Jr., Keyes MJ, Levy D, Vasan RS &
Benjamin EJ. (2004). Local shear stress and brachial artery flow-mediated dilation: the
Framingham Heart Study. Hypertension 44, 134-139.

Ramalli A, Aizawa K, Shore AC, Morizzo C, Palombo C, Lenge M & Tortoli P. (2018). Continuous
Simultaneous Recording of Brachial Artery Distension and Wall Shear Rate: a New Boost for
Flow-Mediated Vasodilation. IEEE Trans Ultrason Ferroelectr Freq Control.

Ramalli A, Bassi L, Lenge M, Palombo C, Aizawa K & Tortoli P. (2014). An Integrated System for the
Evaluation of Flow Mediated Dilation. Int Conf Acoust Spee, 5145-5148.

Ramalli A, Byra M, Dallai A, Palombo C, Aizawa K, Sbragi S, Shore A & Tortoli P. (2015). A
Multiparametric Approach Integrating Vessel Diameter, Wall Shear Rate and Physiologic
Signals for Optimized Flow Mediated Dilation Studies. leee Int Ultra Sym, 1-4.

Schiffrin EL. (2004). Remodeling of resistance arteries in essential hypertension and effects of
antihypertensive treatment. Am J Hypertens 17, 1192-1200.

Seals DR & Gates PE. (2005). Stiffening our resolve against adult weight gain. Hypertension 45, 175-
177.



22

Seals DR, Jablonski KL & Donato AJ. (2011). Aging and vascular endothelial function in humans. Clin
Sci (Lond) 120, 357-375.

Seals DR, Moreau KL, Gates PE & Eskurza I. (2006). Modulatory influences on ageing of the
vasculature in healthy humans. Exp Gerontol 41, 501-507.

Shore AC, Colhoun HM, Natali A, Palombo C, Khan F, Ostling G, Aizawa K, Kennback C, Casanova F,
Persson M, Gooding K, Gates PE, Looker H, Dove F, Belch J, Pinnola S, Venturi E, Kozakova M,
Goncalves |, Kravic J, Bjorkbacka H, Nilsson J & Consortium S. (2018). Use of Vascular
Assessments and Novel Biomarkers to Predict Cardiovascular Events in Type 2 Diabetes: The
SUMMIT VIP Study. Diabetes Care 41, 2212-2219.

Silber HA, Ouyang P, Bluemke DA, Gupta SN, Foo TK & Lima JA. (2005). Why is flow-mediated dilation
dependent on arterial size? Assessment of the shear stimulus using phase-contrast magnetic
resonance imaging. Am J Physiol Heart Circ Physiol 288, H822-828.

Spronck B, Avolio AP, Tan |, Butlin M, Reesink KD & Delhaas T. (2017). Arterial stiffness index beta
and cardio-ankle vascular index inherently depend on blood pressure but can be readily
corrected. J Hypertens 35, 98-104.

Strain DW, Elyas S, Gates PE & Shore AC. (2010). Age-related change in endothelial and microvessel
function and therapeutic consequences. Rev Clin Gerontol 20, 161-170.

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
methodological and physiological guideline. Am J Physiol Heart Circ Physiol 300, H2-12.

Thijssen DH, Bullens LM, van Bemmel MM, Dawson EA, Hopkins N, Tinken TM, Black MA, Hopman
MT, Cable NT & Green DJ. (2009). Does arterial shear explain the magnitude of flow-
mediated dilation?: a comparison between young and older humans. Am J Physiol Heart Circ
Physiol 296, H57-64.

Tortoli P, Morganti T, Bambi G, Palombo C & Ramnarine KV. (2006). Noninvasive simultaneous
assessment of wall shear rate and wall distension in carotid arteries. Ultrasound Med Biol 32,
1661-1670.

Tortoli P, Palombo C, Ghiadoni L, Bini G & Francalanci L. (2011). Simultaneous ultrasound assessment
of brachial artery shear stimulus and flow-mediated dilation during reactive hyperemia.
Ultrasound Med Biol 37, 1561-1570.

van der Heijden-Spek JJ, Staessen JA, Fagard RH, Hoeks AP, Boudier HA & van Bortel LM. (2000).
Effect of age on brachial artery wall properties differs from the aorta and is gender
dependent: a population study. Hypertension 35, 637-642.

Vanhoutte PM, Shimokawa H, Feletou M & Tang EH. (2017). Endothelial dysfunction and vascular
disease - a 30th anniversary update. Acta Physiol (Oxf) 219, 22-96.

Witte DR, van der Graaf Y, Grobbee DE & Bots ML. (2005). Measurement of flow-mediated dilatation
of the brachial artery is affected by local elastic vessel wall properties in high-risk patients.
Atherosclerosis 182, 323-330.



23

FIGURE LEGENDS:

Figure 1. A schematic description of WSR parameters obtained from brachial artery FMD
assessment using continuous multi-gate Doppler and simultaneous diameter. In the upper
panel, traces in light blue and red represent the peak and mean values of WSR, respectively.
In the lower panel, traces in light blue and red represent the variations in diameter (due to
cardiac cycle) and mean diameter of the brachial artery, respectively. WSR, wall shear rate;
SL1, first slope of wall shear rate increase; SL2, second slope of wall shear rate increase;
aucttp, area under the curve until time to peak dilation (area shaded with turquoise); auc,
area under the curve until its return to baseline level (area shaded both with turquoise and

grey); Tp, time to peak value; Tb, time to return to baseline value; A, changes.
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Table 1. Description of WSR magnitude, WSR time-course, WSR kinetics, diameter
magnitude and diameter time-course parameters.

Description

WSR magnitude parameters
WSR Baseline, 1/s
WSR Low-flow, 1/s
WSR Peak, 1/s
WSR A, 1/s
WSR %A, %
WSR aucttp, au

WSR auc, au

WSR time-course parameters
WSR Tp, s
WSRTh, s

WSR kinetics parameters
WSR SL1, 1/s?

WSR SL2, 1/s?

Diameter magnitude parameters
Diameter Baseline, mm
Diameter Peak A, mm
Diameter Peak %A, %

Diameter time-course parameters
Diameter Tp, s

Diameter Th, s

WSR at baseline

WSR during low-flow

WSR at peak hyperaemia

Absolute WSR increase from baseline
percentage WSR increase from baseline

Area under the WSR curve until time to peak dilatation

Area under the WSR curve measured between cuff-
release and the point at which WSR returned to the
baseline value

Time to peak WSR
Time to return to baseline WSR

First slope of WSR increase during hyperaemia

Second slope of WSR increase during hyperaemia

Baseline diameter
Absolute diameter increase from baseline

Percentage diameter increase from baseline

Time to peak diameter

time to return to baseline diameter




Table 2. Selected characteristics of the study participants

Young (n=28) Older (n=32) P
Age, yrs 27.5%5.5 64.9+3.7 <0.001
Female, n 17 16 0.340
BMI, kg/m? 22.4+2.4 24.612.5 0.001
Total CHOL, mmol/I 4.4+0.7 6.0+1.4 <0.001
LDL CHOL, mmol/I 2.2+0.7 3.7£0.9 <0.001
HDL CHOL, mmol/I 1.8+0.4 1.7+0.5 0.747
Glucose, mmol/I 4.9+0.4 5.3+0.5 0.026
HbA1c, mmol/mol 36.313.2 40.0+3.6 0.002
Systolic BP, mmHg 11449 124+13 0.002
Diastolic BP, mmHg 6917 7317 0.047
Heart Rate, beats/min 65110 6018 0.037

Data are shown as means+SD or numbers. BMI, body mass index; CHOL, cholesterol; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; HbAlc, haemoglobin Alc; BP, blood
pressure.
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Table 3. Parameters of wall shear rate and arterial diameter during brachial artery flow-
mediated assessment in older people

Values Ranges

WSR magnitude parameters

WSR Baseline, 1/s 50.5£34.8 0.5-147.0

WSR Low-flow, 1/s 17.8+£12.2 -12.5-443

WSR Peak, 1/s 463.8+106.3 286.7-751.9

WSR A, 1/s 413.3+96.6 279.8-695.5

WSR %4, % 1023 (695 — 1545) 117 -10616

WSR aucttp, au 11198+4482 4356 — 25433

WSR auc, au 1434414812 6418 — 24603
WSR time-course parameters

WSR Tp, s 11.8t2.4 8.0-15.7

WSRTh, s 109.1+37.0 32.4-189.4
WSR kinetics parameters

WSR SL1, 1/s2 67.8118.1 33.5-95.7

WSR SL2, 1/s%* 9.745.0 1.7-17.7
Diameter magnitude parameters

Diameter Baseline, mm 3.60+0.67 2.05-5.28

Diameter Peak A, mm 0.16+0.10 0.00-0.35

Diameter Peak %4, % 4.87+3.19 0.09-14.0
Diameter time-course parameters

Diameter Tp, s 68.8+53.0 17.4-156.2

Diameter Th, s 96.9+35.2 54.5-156.2

Data are shown as means%SD for variables with normal distribution and median
(interquatile range) for variables with skewed districution. *Obtained from 14 young and 13
older participants who showed the bi-phasic WSR increase response. WSR, wall shear rate;
A, changes; aucttp, area under the curve until time to peak dilatation; auc, area under the
curve until its return to baseline value; Tp, time to peak value; Tb, time to return to baseline
value; SL1, first slope of wall shear rate increase; SL2, second slope of wall shear rate
increase.
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Table 4. Parameters of wall shear rate and diameter during brachial artery flow-
mediated dilatation assessment between young and older cohorts.

Young (n=28) Older (n=32) p

WSR magnitude parameters

WSR Baseline, 1/s 78.8 (62.1 —95.5) 64.1(48.7 -79.5) 0.234

WSR Low-flow, 1/s 21.8(15.7-27.8) 25.3(19.7-30.9) 0.438

WSR Peak, 1/s 622 (571 -673) 443 (396 —491) <0.001

WSR A, 1/s 543 (498 — 587) 379 (338 -420) <0.001

WSR %4, % 829 (604 — 1138) 811 (606 —1087) 0.926

WSR aucttp, au 15373 (13195 - 17552) 11258 (9243 - 13274) 0.013

WSR augc, au 18514 (16151 - 20876) 13570 (11384 - 15755) 0.006
WSR time-course parameters

WSR Tp, s 12.1(11.1-13.2) 12.0(11.0-13.0) 0.849

WSR Th, s 105.9 (90.5 -121.3) 108.2 (93.9-122.4) 0.841
WSR kinetics parameters

WSR SL1, 1/s? 85.7 (77.9-93.5) 62.5 (55.3-69.7) <0.001

WSR SL2, 1/s%* 18.6 (14.4—22.9) 9.5(5.1-14.0) 0.009
Diameter magnitude parameters

Diameter Baseline, mm 3.28 (3.05-3.52) 3.54 (3.33 - 3.76) 0.138

Diameter Peak A, mm 0.23(0.19-0.27) 0.16 (0.12 - 0.20) 0.027

Diameter Peak %A, % 7.11(5.70 - 8.52) 4.88 (3.57-6.19) 0.036
Diameter time-course parameters

Diameter Tp, s 55.0 (36.3 -73.8) 68.7 (51.3 - 86.0) 0.326

Diameter Th, s 122.8 (102.5-143.2) 87.8 (62.5-113.2) 0.047

Data are shown as means (95% confidence intervals). Tp, time to peak value; Tb, time to
return to baseline value. *Obtained from 14 young and 13 older participants who showed
the bi-phasic WSR increase response. WSR, wall shear rate; A, changes; aucttp, area under
the curve until time to peak dilatation; auc, area under the curve until its return to baseline
value; Tp, time to peak value; Tb, time to return to baseline value; SL1, first slope of wall
shear rate increase; SL2, second slope of wall shear rate increase.



28

Table 5. Parameters of wall shear rate and diameter during brachial artery glyceryl
trinitrate-mediated dilatation between the young and older people

Young (n=14) Older (n=29) p

WSR magnitude parameters

WSR Baseline, 1/s 57.9(39.5-76.3) 53.3(40.5-66.1) 0.680

WSR GTN, 1/s 42.3 (25.6 -59.0) 38.4 (26.8 -50.0) 0.695
Diameter magnitude parameters

Diameter Baseline, mm 3.42(3.09 - 3.76) 3.75(3.52-3.98) 0.112

Diameter GTN A, mm 0.76 (0.64 - 0.89) 0.69 (0.61 - 0.78) 0.325

Diameter GTN %A, % 22.5(18.6 - 26.5) 19.4 (16.6 - 22.2) 0.197

Data are shown as means (95% confidence intervals). WSR, wall shear rate; GTN, glyceryl
trinitrate; A, changes.
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Table 6. Partial correlation analysis between parameters of WSR and diameter changes
during brachial artery flow-mediated dilatation assessment between the young and older

cohorts.

Young (n=28)

Older (n=32)

Diameter A

Diameter % A

Diameter A

Diameter % A

WSR magnitude parameters

WSR Baseline r=0.20, p=0.322
WSR Low-flow r=0.22, p=0.279
WSR peak r=0.41, p=0.035
WSR A r=0.41, p=0.034
WSR %A r=-0.11, p=0.592
WSR aucttp r=0.45, p=0.019
WSR auc r=0.44, p=0.023
WSR time-course parameters
WSR Tp r=0.29, p=0.142
WSR Th r=0.21, p=0.300
WSR kinetics parameters
WSR SL1 r=0.49, p=0.010
WSR SL2* r=-0.09, p=0.777

r=0.17, p=0.408
r=0.22, p=0.271
r=0.48, p=0.012
r=0.50 p=0.008
r=-0.05, p=0.811
r=0.55, p=0.003
r=0.54, p=0.004

r=0.28, p=0.160
r=0.29, p=0.136

r=0.52, p=0.005
r=-0.03, p=0.923

r=-0.26, p=0.146
r=0.03, p=0.864
r=-0.12, p=0.531
r=-0.03, p=0.864
r=0.30, p=0.100
r=0.16, p=0.372
r=0.20, p=0.284

r=0.09, p=0.634
r=0.05, p=0.797

r=-0.07, p=0.713
r=0.03, p=0.927

r=-0.30, p=0.092
r=-0.03, p=0.852
r=-0.03, p=0.887
r=0.08, p=0.663
r=0.35, p=0.049
r=0.16, p=0.384
r=0.18, p=0.313

r=-0.01, p=0.945
r=0.02, p=0.923

r=0.03, p=0.876
r=0.21, p=0.496

*Obtained from 14 young and 13 older participants who showed the bi-phasic WSR increase
response. WSR, wall shear rate; A, changes; aucttp, area under the curve until time to peak
dilatation; auc, area under the curve until its return to baseline value; Tp, time to peak
value; Tb, time to return to baseline value; SL1, first slope of wall shear rate increase; SL2,

second slope of wall shear rate increase.
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Table 7. Partial correlation analysis showing the associations between brachial artery
diameter at baseline and WSR and diameter parameters during flow-mediated dilatation
in the young and older cohorts.

Young (n=28) Older (n=32)

Diameter Baseline Diameter Baseline

WSR magnitude parameters

WSR kinetics parameters

WSR SL1
WSR SL2*

r=-0.28, p=0.161
r=-0.16, p=0.601

WSR Baseline r=-0.04, p=0.856 r=0.17, p=0.361
WSR Low-flow r=-0.14, p=0.474 r=0.22, p=0.229
WSR peak r=-0.41, p=0.032 r=-0.31, p=0.083
WSR A r=-0.48, p=0.011 r=-0.40, p=0.022
WSR %A r=-0.14, p=0.480 r=-0.36, p=0.043
WSR aucttp r=-0.53, p=0.004 r=-0.14, p=0.456
WSR auc r=-0.51, p=0.006 r=-0.17, p=0.341
WSR time-course parameters
WSR Tp r=-0.18, p=0.370 r=0.16, p=0.387
WSR Th r=-0.37, p=0.057 r=-0.01, p=0.982

r=-0.40, p=0.025
r=-0.64, p=0.020

Diameter magnitude parameters
Diameter Peak A
Diameter Peak A%

r=-0.18, p=0.365
r=-0.42, p=0.032

r=-0.24, p=0.192
r=-0.52, p=0.002

*Obtained from 14 young and 13 older participants who showed the bi-phasic WSR increase
response. WSR, wall shear rate; A, changes; aucttp, area under the curve until time to peak
dilatation; auc, area under the curve until its return to baseline value; Tp, time to peak
value; Tb, time to return to baseline value; SL1, first slope of wall shear rate increase; SL2,
second slope of wall shear rate increase.
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Table 8. Partial correlation analysis between parameters of brachial artery stiffness and
diameter changes during brachial artery flow-mediated and glyceryl trinitrate-mediated
dilatation assessments between the young and older cohorts.

Young Older

Diameter A Diameter % A Diameter A Diameter % A

Flow-Mediated Dilatation (Young, n=28; Older, n=32)

PWV, m/s r=0.18, p=0.393 r=0.15, p=0.465  r=-0.08, p=0.660  r=-0.28, p=0.130
B-stiffness index, au r=0.32, p=0.105 r=0.24, p=0.226 r=-0.05, p=0.783 r=-0.23, p=0.217
Glyceryl Trinitrate-Mediated Dilatation (Young, n=14; Older, n=29)

PWV, m/s r=0.13, p=0.684  r=-0.14, p=0.673  r=-0.16, p=0.416  r=-0.34, p=0.081
B-stiffness index, au r=-0.06, p=0.846  r=-0.36, p=0.204  r=-0.13, p=0.496  r=-0.29, p=0.123

Centre was included as a controlling variable. In case of PWV, mean arterial pressure and
heart rate were additionally included as controlling variables. PWV, pulse wave velocity.
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Figure 1.

WSR
DIAMETER -

350

' o
il = W o
. (2]
1 I
. i
' |
i
| d
‘
t o
— 1 | - — 0
. _ 39
. |
' 1
£ i
! 1
\ I
' I nm
' 1
S I gl CE 3
- -~ — oS
2 «
/,
e |
/x =3 i
m i
"
2 . 3
— s nl — 8 Ralv
\
x g V' §
© =
T o O m
v P D
' ©
o
2 g
/ e o
N =
B /—‘lvllﬂ hl B w
S— mit N———me = Y | ——
(. / R
_” - "
1
[l mv_ _/
1 r.lw
1 L} o
T T = i
o i/ a2 [ L - =
T q , o n
P o= ) v Y
' 1 m ' \
’ 1 —
, g \i s—| !
' = 1 © [ 1
1 1
: s ol
1
: a : W
| 1 | | i o) | | | | |
o © © 9 9o o 9 N - ¢ O @© N ©
S 8 8 § & S <+ < o o o o
= ! [ww] Je32weIq
[s/1] dsm

Time [s]



