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Abstract

Vascular reactivity (VR), defined as blood vessels’ capability to actively modify the diameter
and flow resistances can be non-invasively assessed analyzing vascular response to fore-
arm occlusion. Several VR indexes can be quantified: (i) ‘microvascular’, which consider
variables that depend almost exclusively on changes in distal resistances, (ii)” macrovascu-
lar’, that evaluate the changes in brachial artery (BA) diameter, adjusting for blood flow stim-
ulus, and (iii) ‘'macro/micro’, whose values depend on the micro and macrovascular
response without discriminating each one’s contribution. VR indexes could not be associ-
ated. Many VR indexes have been used without availability of adequate normative data (ref-
erence intervals, RIs). Aims: (1) to evaluate macro, macro/micro and micro VR indexes
obtained in a cohort of healthy children, adolescents and adults, (2) to evaluate the associa-
tion between VR indexes, (3) to determine the need for age and/or sex-specific Rls, and (4)
to define Ris for VR indexes. Methods: Ultrasound (B-mode/Doppler) and automatic com-
puterized analysis were used to assess BA diameter, blood flow velocity and distal resis-
tances, at rest and in conditions of decreased and increased blood flow. Macro, macro/
micro and micro VR indexes were quantified (n = 3619). RIs-subgroups were defined
according to European Reference Values for Arterial Measurements Collaboration Group
(n=1688, 3-84 years) and HUNT3-Fitness Study Group (n = 2609, 3—85 years) criteria.
Mean value and standard deviation equations were obtained for VR indexes. The need for
age or sex-specific RIs was analyzed. Percentile curves were defined and data were com-
pared with those obtained in other populations. Conclusion: Macro and macro/micro VR
indexes showed no association (or it was very weak) with microvascular indexes. Age- and
sex-related profiles and Rls for macro, macro/micro and micro VR indexes were defined in a
large population of healthy subjects (3-85 y). Equations for mean, standard deviation and
percentiles values (year-to-year) were included in text and spreadsheet formats.
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Introduction

Vascular reactivity (VR) defined as blood vessels’ capability to actively modify the diameter
and resistance in response to a stimulus (e.g., blood flow changes) can be non-invasively
assessed following post-ischemic vascular response to forearm occlusion [1-5]. Schematically,
distal microvessels are stimulated during inflation of a pressure cuft. The occlusion causes
transient ischemia, which stimulates dilation of distal resistance microvessels [5]. The high
flow velocity, perfusion and/or the reduced resistances observed after cuft deflation (during
reactive hyperemia (RH)) are considered ‘microvascular reactivity indexes” [2-6]. In turn,
diameter changes in the conduit artery (brachial artery, BA) before (e.g., low flow-mediated
constriction) and after (e.g., flow-mediated dilation (FMD)) cuff-deflation are considered
macrovascular reactivity indexes [2]. However, it should be noted that changes in conduit
artery diameter depend on the arterial intrinsic capability to actively modify its diameter (e.g.,
liberation of endothelial vasoactive factors, smooth muscle response-capacity), as well as on
the RH stimulus related with the microvascular response [2]. An altered microvascular reactiv-
ity could associate a reduced forearm blood flow during RH (a reduced stimulus of flow)
which might contribute to a reduced macrovascular response. Then, “unadjusted macrovascu-
lar reactivity indexes” would reflect both macro and microvascular response ("macro/micro
VR indexes’) [2,4,5,7]. On the other hand, macrovascular reactivity indexes adjusted for RH
stimulus would enable to assess macrovascular response in isolation [2,4,5,7]. In this context,
it should be noted that Dhindsa et al. (2008) described that ‘'micro’, ‘'macro/micro” and
‘macro’ VR responses could not be associated [4]. Thus, different physiological mechanisms
would be involved in the stimulation and development of micro and macrovascular responses
[4]. Furthermore, it was recently suggested that aging-related changes in VR, could be
observed when assessed in conduit arteries (e.g., FMD), but not in the microcirculation [8].
Consequently, macro and microvascular reactivity physiological changes during growth,
development and aging could differ. The characterization of expected values for VR indexes
and their age-related changes is of value in the field of vascular biology and research. However,
to our knowledge there is scarce data about age-related physiological profiles for VR indexes.

VR assessment has been considered useful in early detection of cardiovascular (CV) disease and
risk stratification, which accounts for the interest in VR evaluation in clinical practice [2,9-12].
However macro, macro/micro and micro VR indexes have been used without availability of ade-
quate normative data (age and sex-related reference intervals or percentiles, Rls), obtained in large
populations of children, adolescents and adults. The few studies aimed at defining Rls or cutoff val-
ues (i) quantified one or two VR indexes (mainly FMD) [13,14]; (ii) considered specific life stages or
age-groups [13-19]; (iii) defined normative data for wide age-range groups (e.g., cut-off points per
decade) [13,17] or (iv) used approaches currently not recommended (e.g., manual edge detection,
single or specific time measures during RH, evaluation of a short time period after cuff deflation)
[13,14]. Factors related with the above could have limited VR measurement in clinical practice.

This work’s aims were: (1) to evaluate macro, macro/micro and micro VR indexes obtained
in a cohort of healthy children, adolescents and adults from South America, (2) to evaluate the
association between indexes used to assess VR, (3) to determine the need for age and/or sex-
specific RIs (normative data), and (4) to define RIs for the different VR indexes.

Materials and methods
Study population

The study was carried out in the context of the Centro Universitario de Investigacion, Innova-
cion y Diagnodstico Arterial (CUiiIDARTE) project [20-27], a population-based study developed
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in Uruguay. In this work, we considered data from 3619 subjects included in the CUiiDARTE
Database. This includes data on demographic and anthropometric variables, exposure to CV
risk factors (CRFs), personal and family history of CV disease (CVD) and data on structural
and functional CV parameters, obtained non-invasively, mainly from community-based proj-
ects. All procedures agreed with the Declaration of Helsinki (1975; reviewed in 1983). The study
protocol was approved by Institutional Ethic Committee (Comité de Etica en Investigacion del
Centro Hospitalario Pereira-Rossell). Written informed consent was obtained from participants
or from parents in case of subjects aged <18 years old (y), who gave informed assent before
data collection. Subjects or parents (in case of subjects aged <18 y) also provided informed writ-
ten consent to have data from their medical records used in research.

Anthropometric and clinical evaluation

A clinical interview, together with the anthropometric evaluation enabled us to assess CRFs
exposure. A family history of CVD was defined by the presence of first-degree (for all the sub-
jects) and/or second-degree (for subjects <18 y) relatives with early (<55 y in males; <65 y in
females) CVD. Body weight (BW) and height (BH) were measured with the participant wear-
ing light clothing and no shoes. Standing BH was measured using a portable stadiometer and
recorded to the nearest 0.1 cm. BW was measured with an electronic scale (841/843, Seca Inc.,
Hamburg, Germany; model HBF-514C, Omron Inc., Chicago, Illinois, USA) and recorded to
the nearest 0.1 kg. Body mass index (BMI) was calculated as BW-to-squared BH ratio. In chil-
dren and adolescents z-scores for the BMI were calculated using the World Health Organiza-
tion software (Anthro-v.3.2.2; Anthro-Plus-v.1.0.4).

Cardiovascular evaluation

Participants were asked to avoid exercise, tobacco, alcohol, caffeine and food-intake four
hours before the evaluation. All haemodynamic measurements were performed in a tempera-
ture-controlled environment (21-23°C), with the subject in supine position and after resting
for at least 10-15 minutes, which enabled reaching steady hemodynamic conditions. Using a
validated oscillometric device (HEM-433INT; Omron Healthcare Inc., Lake Forest, Illinois,
USA), heart rate (HR), and brachial systolic and diastolic blood pressure (BP) levels (bSBP and
bDBP) were recorded in supine position simultaneously and/or immediately before or after
each VR recording. Then, brachial pulse pressure (bPP; bPP = bSBP-bDBP) and mean BP
(bMBP, bMBP = bDBP+bPP/3) were obtained.

CV evaluation in CUiiDARTE project includes assessing: (i) peripheral (brachial, radial,
tibial) and central (aortic, carotid) BP levels; central (aortic, carotid) pulse wave analysis and
wave separation analysis-derived parameters (e.g., augmentation index, forward and backward
pressure wave components), (ii) carotid, femoral and BA diameter waveforms and intima-
media thickness, (iii) VR indexes, (iv) carotid, femoral and BA Doppler-derived blood velocity
profiles and indexes (e.g., resistive), (v) ankle-brachial index, (vi) screening for carotid and
femoral atherosclerotic plaques, (vii) carotid, femoral and BA local stiffness (e.g., elastic modu-
lus), (viii) hemodynamic evaluation (e.g., systemic resistances, cardiac output) using BA pulse
contour analysis and/or impedance cardiography, and (ix) regional stiffness (e.g., carotid-fem-
oral, carotid-radial pulse wave velocity). In this work, the analysis was focused on VR data
[22,23].

Carotid and femoral artery ultrasound

Left and right common, internal and external carotid arteries, vertebral arteries and common
femoral arteries were examined (B-Mode and Doppler ultrasound, 7-13 MHz, linear
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transducer, M-Turbo, SonoSite Inc., Bothell, WA, USA) [26,27]. Transverse and longitudinal
views (from different angles) were obtained to assess atherosclerotic plaques presence. An ath-
erosclerotic plaque was defined as focal wall thickening at least 50% greater than adjacent seg-
ments; focal thickening protruding into the lumen at least 0.5 mm and/or an intima-media
thickness >1.5 mm [26,27].

Vascular reactivity assessment

Vascular reactivity was evaluated by means of standardized methods [2,5,12] [Fig 1].

Left shoulder and arm were positioned on a support, ensuring comfort and stability,
thus avoiding muscle tension development and subsequent movement. In turn, forearm
and wrist were placed on a support to minimize motion and artifacts in the records (e.g.
due to cuff inflation). Then, BA was interrogated in longitudinal plane (7-13 MHz,
M-Turbo, SonoSite Inc., USA). To ensure adequate records the transducer was fixed using
a stereotactic probe holder [2,3]. Doppler and B-modes were selected to record BA center-
line blood flow sonogram and diameter. A standard pediatric BP-cuff (Omron, Japan),
positioned distally in the forearm, was inflated to 50 mmHg above bSBP for 5 minutes.
Ultrasound-derived image sequences (videos) were obtained in the following conditions:
(i) baseline (60-second (s) videos obtained immediately before cuff-inflation), (ii) occlu-
sion (300-s videos recorded during the time the cuff remained inflated (distal transient
ischemia) and (iii) release (240-s videos recorded during the cuff-deflation or release and
subsequent RH) [2,3]. An examination takes less than 30 minutes, including preparation,
rest and scan.

Recorded videos were stored for blinded off-line analysis. Automatic wall-detection and
Doppler velocity tracing software (Hemodyn-4-M, Dinap s.r.], Argentina; Sonosite Inc, USA)
were used [3,28]. Once a straight segment was identified in the BA (B-mode recording) and
defined as the region of interest (ROI), the software allowed beat-to-beat automatic identifica-
tion of arterial wall-lumen interfaces. Then, distances between anterior and posterior walls,
averaged over the ROI, were the estimate for instantaneous BA diameter. Instantaneous blood
flow velocity was obtained. Instantaneous (beat-to-beat) arterial diameter and blood velocity
were measured before, during and after arterial occlusion (“baseline’, ‘occlusion” and 'release
or RH videos’, respectively).

The beginning and end of the arterial occlusion were identified on the flow velocity signal.
That made it easier to assess the vascular parameters in the different conditions (e.g., basal,
RH): (i) peak systolic, mean and end-diastolic diameter (DD, mm), (ii) peak systolic (PSV, cm/
s), mean and end-diastolic flow velocity (EDV, cm/s), and (iii) resistive index (RI), a measure
of pulsate flow that reflects the resistance associated with distal microvessels [3]. RI was quanti-
fied as:

 PSV — EDV

RI 1
% (v

Baseline diameter and flow velocity were calculated as the mean of data obtained in baseline
conditions. Values corresponding to RH state were maximum levels observed within the first
210 s after occlusion release (cuff-deflation). Pre-release arterial diameter and flow velocity
were calculated as the mean of data acquired in the last 15-30 s before cuff-deflation. Time to
peak DD was calculated as the time from cuff-deflation to maximum hyperemic DD [3]. Con-
sidering a given blood viscosity (, = 0.035 dyne*s/cm?) and a parabolic velocity profile, wall
shear stress (WSS) can be obtained as a function of local centre-stream velocity (V, cm/s) and
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Fig 1. Vascular reactivity assessment. A: Instrumentation for vascular reactivity (VR) evaluation. B: Brachial artery
(BA) characteristic image (top) with software tracking vessel wall over time (edge detection analysis) in the region of
interest (ROI), so as to reconstruct beat-to-beat BA diameter temporal profile (bottom), before and after cuft-deflation
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(release of arterial occlusion). Note the beat-to-beat BA dilation after cuff-deflation. Data in the figure were obtained in
a healthy subject. Blood velocity values and systolic, mean and end-diastolic diameters were determined for each
analyzed beat. C: BA blood flow velocity and diameter at the time of cuff deflation (white arrow). D: Basal and VR (e.g.,
FMD%) data were assessed following a protocol that included 60-second (s) records in basal conditions, 300 s during
arterial occlusion (cuff inflation) and 240 s after cuff deflation (reactive hyperemia, RH).

https://doi.org/10.1371/journal.pone.0254869.9001

diameter (D, cm) [29]:

WSS = % 2)

From Eq 2 peak systolic and end-diastolic WSS were calculated.

Vascular reactivity indexes

Similar to Dhindsa et al., in this work VR indexes were schematically divided into: (i) “micro-
vascular indexes’, which consider variables that depend almost exclusively on changes in distal
resistances (e.g., RH indexes), (ii) ‘macrovascular indexes’, that evaluate the change in the
diameter of the BA, adjusting for blood flow velocity or WSS (e.g., FMD/WSS) and (iii)
’macro/micro’ VR indexes, whose values depend on the micro and/or the macrovascular
response without discriminating each one’s relative contribution (e.g., WSS change, due diam-
eter and/or blood flow change) [4,5].

Macro and macro/micro vascular reactivity indexes

These indexes can be divided into those that: (i) evaluate BA response by comparing baseline
conditions with those observed after cuft-deflation (RH state), (ii) evaluate BA response by
comparing baseline data with those before cuft-deflation (Pre-release state), (iii) integrate the
above responses. In addition, as was mentioned, some approaches analyze BA response
(change in diameter) adjusted for the stimulus (macro VR indexes), whereas others do not
(macro/micro VR indexes).

Basal vs. RH indexes (not adjusted for stimulus). Celermajer et al. approach that
involves VR test has become the most popular method to assess endothelial function (EF) [30].
As mentioned, a pneumatic cuff is positioned around the forearm and insuflated to determine
transient (5 minutes) distal ischemia. Once the cuff is deflated, an increase in BA flow is
observed, which stimulates the endothelium to release vasodilator factors. This results in BA
dilatation, assessed by B-Mode ultrasound. The magnitude of BA dilation is used as EF or VR
index. Over the years, the original approach has been modified (improved), for example, by
includying in the analysis the time-course of the FMD, rather than considering discrete (punc-
tual) times (e.g., 30, 60, 90 s) [2,3,12].

The vascular response (in absolute ®mm] and relative ® %] terms), can be quantified as
[12]:

ADDPeak_Basul = DDPeak - DDBasal (3)
DD
DD Rati = P 4100 4
a lOPeak_Basal DD * ( )

Basal

where DDp,, and DDg,,,; are maximum end-diastolic (RH state) and baseline end-diastolic
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BA diameters, respectively [3,31]. FMD% was quantified as [31-33]:

DDPeuk — DDBasal
“ %100 (5)

Basal

FMD% =

Different FMD% temporal-patterns, have been described, which show differences in the
kinetics of the dilatory response [3,34-36]. The magnitude and kinetics (e.g., latency) of the
response would give complimentary information. Subjects with a delayed though significant
vasodilation, associated with a blunted early response, exhibit increased CV risk [35]. In this
work we quantified the time to peak diamater (TPD), as the time to maximal end-diastolic
diameter or maximal dilation after cuff-deflation (RH state) (TPD_FMD%).

Basal vs. RH indexes (adjusted for stimulus). Different ways to include the stimulus in
the analysis have been proposed. The way to determine the stimulus more accurately is still
discussed [31]. Some of the most used indexes were considered in this work [3,31].

DDPeak - DDBasal
EDV, . — EDV,

Peak Basal

AD D Peuk_Basal/ A VPeak_Busal =

(6)

(DDPmk *DDBasal)

EMD/AV _ DDgasal 7
/ Peak_Basal EDVPmk — EDVBusal ( )
(M)
DDpggq
PPMDY = (650, 5573y Y

EDVpasal

FMD% was also normalized by WSS levels [3,7,37]:

DDpegi—DDpgsal
2lpeak =2 Basal | 5 1 ()()
(T — ) EMD%
FMD%,,.. = = )
WSS (EDWSSpmkaDWSSBaMI) (EDWSSPmk—EDWSSBuml)
EDWSSgaeal EDWSSgasal

Basal vs. pre-release indexes (not adjusted for stimulus).

DD

Prerelease

— DD

ADDP Basal (10)

rerelease_Basal ~—

DD
DD Ratio = —_Prerdlease 4 100 11
Prerelease_Basal DD

Basal

where DDp,¢.release 1S the BA diameter at the end of vascular occlussion (pre-release) [3,31].
Whereas FMD% provides data about EF ‘recruitability’(e.g., response to a specific stimu-
lus), it does not provide information related with basal or tonic EF (e.g., basal release of vasoc-
tive factors) [38,39]. A low baseline tone, leading to pre-dilated BA, could result in a blunted
FMD% despite of normal EF. In turn, high baseline tone, associated with pre-constricted BA,
could result in normal FMD%, in spite of endothelial dysfunction. Therefore, FMD% does not
provide data on the endothelial responsiveness to resting WSS levels, nor on the vasoconstric-
tor response to WSS reductions [38,39]. To assess the arterial response to low blood flow
(vaso-constriction), Gori et al. proposed an index that considers data obtained during vascular
occlusion [38]. Similar to FMD%, the response observed under conditions of reduced flow was
named low-flow mediated (vaso) constriction (L-FMC) [38]. L-FMC% could provide (comple-
mentary) data useful in the characterization of vessel responsiveness and/or CV risk stratifica-
tion [39]. In this work L-FMC was quantified as percentage change in BA DD, considering
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basal and pre-release data [28,29]:

DD — DD
LEMC% = ——e s ——=2 5 100 (12)

Basal
Basal vs. pre-release indexes (adjusted for stimulus).
DD Prerelease

EDV,

Prerelease

_DDBusul (13)
— EDV,

Basal

AD D PrereleasLBasal/ A VPrereleasf_Basal =

(DDpyeyezeuerDsmz)
DDpggal

— EDV,

Basal

LEMC/AV,

release_Basal — EDV,

Prerelease

(DDPrcreleasc —DDpysql )
DDgagal

e (15
EDVpagal

pLFMCy =

LFMC% normalized by WSS was also calculated:
LEMC%

16
EDWSSpgsa1

LEMC%,,5 =

Total vasoactive range or total vascular reactivity. It was proposed that the combined
evaluation of vasodilator and vasoconstrictor responses (FMD% and LFMC%), as well as their
composite endpoint, the total vasoactive range or vascular reactivity (TVR) may improve CV
risk stratification [15,38,39]. In this work TVR was quantified [15]:

DD, . — DD
TVR = Peak Prerelease %100 (17)
DD Basal
Hyperemic wall shear-stress.
AWSSPeak_Basal = WSSPeak - WSSBasal (18)

Microvascular reactivity indexes

Blood flow velocity and distal resistances changes (Doppler-derived) during RH have been
proposed to evaluate microvascular reactivity [3,40].

AVPeak_Basal = VPeak - VBasul (19)
ARI = RIPeak - RIBasul (20)

RI, . —RI
ARI%Pmk_Basal = Pe”;[ Basdl * 100 (21)

Basal

Table 1 shows the different indexes considered to assess VR in the present work.

Data analysis

A step-wise analysis was performed. First, it was analyzed (checked) whether the studied vari-
ables (i.e., BA diameter and blood flow velocities) showed (in our population) the expected
tendency in terms of age-related variations [Fig 2].
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Table 1. Vascular reactivity indexes: Equations.

Index Equation
1. Macrovascular and Macro/Microvascular Indexes

1.1. Basal vs. Hyperemia Indexes (not adjusted for stimulus)

ADDpeqk_Basal [mm] DDpeax—DDgasal

DD Ratio peak_pasal [%] (DDpea/ DDpasal) " 100

FMD% [%] ((DDpeak—DDpgasal)/DDpasa) * 100

TPD_FMD% [seconds] Time between cuff deflation and hyperemic end-diastolic peak diameter

1.2. Basal vs. Hyperemia Indexes (adjusted for stimulus)

ADD Peak-Basal/AVPeak-Basal (DDPeak—DDBasal)/(EDVPeak' EDVBasal)
[mm/cm/s]

FMD/AVpeai_gasal [1/cm/ | ((DDpeqx -DDgasal)/DDgagal)/ (EDVpear-ED Viagar)

s]

PFMDV (DDPeak'DDBasa])/DDBasal/((EDVPeak'EDVBasal)/EDVBaSal)

FMD%wss (((DDpeak—DDgagal)/DDgasal) * 100)/ (EDWSSpeak—EDWSSpasa)/ED WSSpagal
1.3. Basal vs. Pre-release Indexes (not adjusted for stimulus)

ADDPrerelea\se_Basal [mm] DDPrerelease*DDBasal

DD Ratio prerelease_Basal (DDprerelease/ DDpasar)* 100

[%]

LEMC% [%] (DDprerelease ~ DDpasal)/DDpasar)* 100

1.4. Basal vs. Pre-release Indexes (adjusted for stimulus)

ADDprerelease_Basal/ (DDPrerelease—DDpg,ga1)/ (EDVprerelease-ED Viasal)

AVPreleaseﬁBasal

LFMC/AVpyerelease_Basal [1/ | (DDPrerelease—DDg,sa1)/DDpasal)/ (EDVPrerelease—EDVp,ga1)
cm/s]

pL-EMCv ((DDPre-release—DDpg,g,1)/DDpagay/ ((EDVPrerelease—EDVp,s01)/ ED Viygar)
L-FMC%/WSS L-FMC%/((EDWSSPrerelease—EDWSSg,s.1)/EDWSSg.sa1)

1.5.Total Vascular Reactivity

TVR [%] ((DDPeak—DDpyerelease)/ DDpasal) “100

1.6. Hyperemic shear-stress
AWSSPeak733531 [dYH/6m2] WSSPeak_WSSBasal
3. Microvascular Indexes

AVpeak_pasal [cm/s] Vpeak— VBasal
ARIPeakﬁBasal RIPcakiRIBasal
ARI%peak_pasal [%] ((RIpeak—RIpasal)/Rlpasar)* 100

https://doi.org/10.1371/journal.pone.0254869.t001

Second, VR indexes were calculated, for the entire population and for subgroups defined to
determine the RIs. Two different approaches were used to define the RIs subgroups, which
enabled comparative analyses with data from other groups: (i) European Reference Values for
Arterial Measurements Collaboration Group (called, "European criteria’) [41-44] and (ii)
HUNTS3 Fitness Study Group (called, "HUNT-FIT criteria’) [13]. According to the "European
criteria” we defined a healthy sub-group that included subjects who did not meet any of the
following criteria: (i) history of CVD (i.e., cerebrovascular, coronary, valvular or peripheral
arterial disease); (ii) use of BP-, lipid- and/or glucose-lowering drugs; (iii) arterial hypertension
(>18 y: bSBP >140 mmHg and/or bDBP >90 mmHg; <18 y: bSBP and bDBP <95th percen-
tile for sex, age and BH); (iv) current smoking; (v) diabetes (self-reported and/or fasting
plasma glucose >126 mg/dl (if available)); (vi) dyslipidemia (self-reported or total cholesterol
>240 mg/dl or HDL cholesterol <40 mg/dl (if available)); (vii) obesity (>18 y: BMI >30 kg/
m’ <18 y: z-BMI >2.0). In addition, none of them had (i) congenital, chronic or infectious
diseases and (ii) cardiac rhythm other than sinus rhythm. The resulting "European criteria’
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Brachial artery peak systolic velocity [cm/s]

Brachial artery end-diastolic diameter [mm]
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Age [years] Age [years]

Fig 2. Age-related profiles: Brachial artery diameter and blood flow velocity. Age-related 1th, 2.5th, 5th, 10th, 50th, 90th, 95th, 97.5th and 99th percentiles for
brachial artery (BA) end-diastolic diameter (DD) (Top) and peak systolic velocity (PSV) (Bottom).

https://doi.org/10.1371/journal.pone.0254869.9002

RIs sub-group included 1688 subjects (864 females). As stated, a RIs subgroup was also defined
in agreement with HUNT3 Fitness Study (a HUNT?3 sub-study) criteria. In our knowledge this
is among the biggest studies that determined reference data for FMD% in adults [13]. The
study included ‘Healthy adults” (n = 4739; age: >20 y), defined as subjects without cardio-
respiratory diseases or cancer. Pregnancy and/or use of BP-, lipid- and/or glucose-lowering
drugs (but not tobacco use, obesity or dyslipemia) were considered exclusion criteria. The
resulting HUNT-FIT RIs subgroup included 2609 subjects (1303 females). Tables 2—4 show
descriptive data for all the studied subjects and for the RIs subgroups. Complementary data
and sex distribution are in (S1-S6 Tables in S1 File).

Third, we analyzed the association of carotid and/or femoral atherosclerotic plaques pres-
ence with VR indexes by means of point-biserial correlations without and with Bootstrapping
(sample number = 1000; Bias Corrected accelerated Confidence Intervals; simple sampling).
Results showed that for healthy asymptomatic subjects included in the RIs subgroups, athero-
sclerotic plaques presence was not associated with VR indexes. Then, subjects with atheroscle-
rotic plaques were not excluded from the RIs subgroups. This way, our inclusion and
exclusion criteria completely agreed with those of the HUNT-FIT and European Group.

Fourth, we assessed the association (simple bivariate correlations) between VR indexes
[Table 5]. This enabled to identify that alternative indexes used to assess ‘'macro’, ‘macro/
micro” and ‘'micro” VR were not equivalent (but could give different and complimentary
data). Therefore, it was necessary to define RIs (separately) for each VR index.

Fifth, we evaluated whether age and/or sex-specific RIs were necessary using multiple linear
regression models that included interaction analysis (Sex* Age) with Johnson-Neyman signifi-
cance regions definition [S7 Table in S1 File]. Variables "y", "x" and "w" (moderating variable)
were assigned, respectively, to the VR index (e.g., FMD%), sex and age. Thereafter we identi-
fied indexes that: (i) required sex-specific RIs only from a certain age, (ii) required sex-specific
RIs regardless of age, (iii) did not require sex-specific RIs or (iv) did not require age- and sex-
specific RIs [S7 and S8 Tables in S1 File]. The association between BA diameter, bSBP and
bDBP and VR indexes was evaluated (simple bivariate (zero-order) and partial correlations
(adjusting for age and sex)).

Finally, as a sixth step, age-related RIs were obtained for the two different RIs subgroups.
Age-related equations for mean value (MV) and standard deviation (SD) were obtained (for
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Table 2. Demographic, anthropometric and clinical characteristics.

All studied subjects European criteria subgroup HUNT-FIT criteria subgroup

Variable MV SD Min Max MV SD Min Max MV SD Min Max
Age [years] 33.9 24.2 2.8 89.0 20.1 16.9 2.8 84.2 23.7 19.3 2.8 85.0
Body weight [Kg.] 61.1 25.3 12.3 150.6 47.9 22.8 12.3 105.0 54.4 24.8 12.3 133.0
Body height [m] 1.55 0.23 0.90 1.97 1.47 0.26 0.90 1.94 1.50 0.25 0.90 1.95
BMI [Kg./mz] 24.1 6.0 11.5 71.3 20.4 4.2 11.5 30.0 22.4 5.5 11.5 71.3
z-BMI [SD] 0.94 1.45 -4.63 8.03 0.34 0.92 -4.63 1.98 0.93 1.45 -4.63 8.03
HR [beats/minute] 74 14 35 143 75 15 40 132 75 15 40 132
bSBP [mmHg] 119 17 64 235 112 13 80 171 115 15 80 186
bDBP [mmHg] 69 10 41 129 65 8 47 97 66 9 45 110
Total cholesterol [mg/dl] 200 44 94 379 195 26 99 238 203 41 99 363
HDL cholesterol [mg/dl] 51 15 17 122 58 12 41 100 52 15 17 105
LDL cholesterol [mg/dl] 123 40 28 323 118 26 31 180 127 37 31 293
Triglycerides [mg/dl] 133 86 24 783 93 39 24 272 123 86 24 783
Glycaemia [mg/dl] 94 19 40 307 88 9 40 121 89 10 40 141
TC >240 mg/dl [%] 7.2 0.0 5.0

HDL <40 mg/dl [%] 8.9 0.0 49

Glycaemia >126 mg/dl [%] 0.9 0.0 0.2

Current Smoke [%] 11.4 0.0 10.2

Hypertension [%] 26.4 0.0 8.2

Diabetes [%] 5.7 0.0 0.0

Obesity [% 21.9 0.0 17.9

Family History CVD [%] 13.5 7.6 9.6

Physically inactive [%] 45.6 323 41.0

History of CVD [%] 8.8 0.0 0.0

BP-lowering drugs [%)] 21.7 0.0 0.0

Lipid-lowering drugs [%] 13.5 0.0 0.0
Glucose-lowering drugs [%] 4.1 0.0 0.0

Atheroma plaques (%) 22.2 6.6 10.2

MYV: Mean value. SD: Standard deviation. Min., Max.: Minimum and maximum values. z: z-score. BMI: Body mass index. TC: Total cholesterol. CVD: Cardiovascular
disease.

https://doi.org/10.1371/journal.pone.0254869.t002

all, females and males) [S9 Table in S1 File]. To this end, parametric regression methods based
on fractional polynomials (FPs) were applied. These were described by Royston and Wright
[45], considered in the European Reference Values for Arterial Measurements Collaboration
Group methodological strategy, and already used by our group to define RIs for hemody-
namic, ventricular, atrial and arterial parameters [20,25,46-48]. Briefly, fitting FPs age-specific
MYV and SD regression curves for the different variables were defined using an iterative proce-
dure (generalized least squares). Then, age-specific equations were obtained. For instance,
FMD% mean equation would be: FMD% mean = a+b*AgeP+c*Agel+. . ., wherea, b, c, .. . are
the coefficients, and p, q, . . . are powers, with numbers selected from the set [-2, -1, -0.5, 0, 0.5,
1, 2, 3] estimated from the regression for the mean FMD% curve, and likewise from the SD
curve. Continuing the example, FPs with powers [1,2], that is, with p = 1 and q = 2, illustrate
an equation with the form a+b*age+c*age® [45]. Residuals were used to assess the model fit,
which was deemed appropriate if the scores were normally distributed, with a mean of 0 and a
SD of 1, randomly scattered above and below 0 when plotted against age. Best fitted curves
considering visual and mathematical criteria (Kurtosis and Skewness levels) were selected.
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Table 3. Brachial artery parameters during vascular reactivity test.

Variable

Basal

bSBP [mmHg]
bDBP [mmHg]
SystD [mm]

DD [mm)]

PD [mm)]

PSV [cm/s]

EDV [cm/s]

RI

PS WSS [dyne/cmz]
ED WSS [dyne/cmz]
Pre-release

SystD [mm]

DD [mm)]

PD [mm)]

PSV [cm/s]

EDV [cm/s]

RI

PS WSS [dyne/cm?]
ED WSS [dyne/cmz]
Hyperemia

SystD [mm]

DD [mm)]

PD [mm]

PSV [cm/s]

EDV [cm/s]

RI

PS WSS [dyne/cm’]
ED WSS [dyne/cmz]

MV

122
71
4.00
3.82
0.18
74.31
3.43
0.95
56.53
3.40

4.32
4.16
0.16
59.69
-1.16
1.02
40.53
-0.78

4.41
4.27
0.14
100.27
28.09
0.72
65.37
18.97

All studied subjects
SD Min
17 78
10 41
0.96 1.49
0.96 1.39
0.09 0.02
22.75 27.80
8.87 -48.1
0.09 0.56
30.04 16.40
7.19 -27.1
0.83 2.20
0.83 1.96
0.10 0.00
17.07 19.40
5.44 -45.2
0.07 0.26
16.11 12.74
4.10 -37.4
0.82 2.18
0.81 2.02
0.09 0.01
24.82 43.60
12.24 0.00
0.09 0.42
21.77 21.57
9.24 0.00

Max

214
128
6.56
6.44
0.86
191.10
52.60
1.41
260.58
56.65

6.79
6.70
1.28
130.70
66.00
1.51
111.19
51.19

6.85
6.73
1.26
257.00
96.00
1.01
170.85
72.49

European criteria subgroup

MV

112
66
3.44
3.26
0.18
81.13
3.38
0.95
72.73
4.83

3.98
3.81
0.17
62.38
-1.71
1.02
46.17
-1.26

4.06
3.92
0.14
101.86
29.32
0.71
71.54
21.43

SD

14
10
0.95
0.95
0.08
24.58
10.56
0.10
37.52
9.05

0.86
0.85
0.11
17.47
7.67
0.09
18.27
6.23

0.85
0.85
0.07
24.97
11.61
0.08
25.08
9.95

Min

78
41
1.49
1.39
0.04
27.80
-48.1
0.56
17.81
-27.1

2.20
1.96
0.00
19.40
-45.2
0.26
13.87
-37.4

2.18
2.02
0.01
48.00
10.00
0.43
26.09
5.52

Max

176
95
6.50
6.39
0.67
191.10
33.00
1.41
260.58
41.81

6.56
6.40
1.28
121.40
66.00
1.50
103.38
51.19

6.51
6.42
0.55
180.00
80.00
0.92
170.85
58.98

HUNT-FIT criteria subgroup

MV

116
68
3.64
3.46
0.18
79.17
3.84
0.95
66.66
4.50

4.09
3.93
0.17
62.39
-1.49

1.02
44.92
-1.12

4.18
4.03
0.14
101.53
29.40
0.71
69.88
21.00

SD

15
10
0.96
0.96
0.09
24.20
10.21
0.10
34.55
8.58

0.83
0.83
0.11
17.68
6.86
0.09
17.68
5.41

0.82
0.82
0.09
25.16
12.14
0.09
24.01
9.72

Min

78
41
1.49
1.39
0.02
27.80
-48.1
0.56
17.81
-27.1

2.20
1.96
0.00
19.40
-45.2
0.26
13.87
-37.4

2.18
2.02
0.01
48.00
0.00
0.43
26.09
0.00

Max

184
106
6.50
6.39
0.86
191.10
52.60
1.41
260.58
56.65

6.56
6.40
1.28
124.00
66.00
1.51
111.19
51.19

6.51
6.42
1.26
200.00
85.00
1.00
170.85
58.98

MYV: Mean value. SD: Standard deviation. Min., Max.: Minimum and maximum values. bSBP, bDBP: Brachial systolic and diastolic Blood pressure. SystD, DD and PD:
Systolic, diastolic and pulsate diameter. PSV, EDV: Peak and end-diastolic blood flow velocity. RI: Resistive index. PS WSS and ED WSS: Peak systolic and end-diastolic

wall shear stress.

https://doi.org/10.1371/journal.pone.0254869.t003

From the equations obtained for MV and SD [S9 Table in S1 File], age-specific percentiles
were defined using standard normal distribution (Z). The 1th, 2.5th, 5th, 10th, 25th, 50th,
75th, 90th, 95th, 97.5th and 99th percentiles were calculated, for example for FMD% as: mean
FMD%+Zp*SD, where Zp assumed the values -2.3263, -1.9599, -1.6448, -1.2815, -0.6755, 0,
0.6755, 1.2815, 1.6448, 1.9599 and 2.3263, respectively. Following the described approach, Rls
were defined for each macro, macro/micro and micro VR index listed in Table 1. Data for
each year of life (in the range considered) are in (S10-S35 Tables in S1 File for "European Cri-
teria” RIs subgroup; $S36-S63 Tables in S1 File for "HUNT-FIT criteria” RIs subgroup). S2 File

shows age-related profiles (percentile curves) for the different VR indexes.

The minimum sample size required for RIs construction was 377 [49]. Like in previous
works and according to central limit theorem, normal distribution was considered (taking into
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Table 4. Vascular reactivity indexes: Levels.

All studied subjects European criteria subgroup HUNT-FIT criteria subgroup
Variable MV SD Min Max MV SD Min Max MV SD Min Max
1. Macrovascular and Macro/Microvascular Reactivity Indexes

1.1. Basal vs. Hyperemia indexes (not adjusted for stimulus)

ADDpeax pas [mm] 0.20 0.18 -1.38 1.65 0.23 0.16 -0.46 1.09 0.22 0.17 -0.46 1.15

DD Ratio peak_pas [%] 105.33 5.10 76.45 151.72 106.72 4.89 91.10 135.24 106.09 5.25 90.99 143.11
FMD% [%] 5.33 5.10 -23.55 51.72 6.72 4.89 -8.90 35.24 6.09 5.25 -9.01 43.11
TPD_FMD% [s] 90.32 44.85 0.08 224.64 90.42 44.63 0.08 224.64 89.65 45.81 0.08 224.64

1.2. Basal vs. Hyperemia indexes (adjusted for stimulus)
ADDpeak Bas/AVpeak_pas [mMm/cm/s] 0.009 0.013 -0.152 0.158 0.010 0.009 -0.013 0.086 0.009 0.012 -0.152 0.086

FMD/AVpeai_pas [1/cm/s] 0.002 0.010 -0.188 0.226 0.003 0.002 -0.003 0.021 0.003 0.014 -0.188 0.226
pFMDv 0.02 0.24 -4.15 2.24 0.03 0.06 -0.01 0.40 0.01 0.33 -4.15 2.24
FMD%WSS 0.03 0.18 -1.85 1.67 0.04 0.09 -0.01 0.74 0.02 0.20 -1.85 1.31
1.3. Basal vs. Pre-release indexes (not adjusted for stimulus)

ADpre pasat [mm] 0.10 0.20 -1.06 1.43 0.12 0.17 -0.56 113 0.11 0.19 -0.69 113
DD Ratio pre_pasal [%) 102.66 | 5.47 7823 | 144.83 | 103.67  5.07 89.17 | 13139 | 103.14 | 5.3 83.09 | 140.89
L-FMC% [%] 2.66 5.47 -21.77 44.83 3.67 5.07 -10.83 31.39 3.14 5.63 -16.91 40.89
1.4. Basal vs. Pre-release indexes (adjusted for stimulus)

ADDpre Basal/ AEDVpre Basal 0.00 0.07 -0.39 0.86 0.01 0.11 -0.22 0.86 0.00 0.09 -0.33 0.86
L-FMC/AVpye pasal [1/cm/s] 0.000 0.026 -0.092 0.380 0.005 0.045 -0.061 0.380 0.001 0.034 -0.092 0.380
pL-FMCv -0.01 0.11 -0.69 1.45 0.00 0.09 -0.19 0.52 0.00 0.13 -0.41 1.45
L-FMC%/WSS -4.67 27.33 -327.07 125.94 -3.20 27.62 -105.85 125.94 -4.96 32.42 -327.07 125.94
1.5.Total Vascular Reactivity

TVR [%] 2.71 4.52 -33.45 27.93 3.12 3.81 -15.45 19.31 3.00 4.37 -21.62 22.09
1.6. Hyperemic shear-stress

AWSSpeax_pasal [dyn/cm?] 16.66 8.86 9.72 72.49 1924 963 3.19 58.98 18.38 9.50 9.72 58.98
2. Microvascular Reactivity Indexes

AV peak Basal [cm/s] 2478 | 1154 | -10.00 | 96.00 | 2633 | 11.01 5.87 7062 | 2581 | 11.62 | -10.00 | 70.62
ARlpeat Basal -0.24 0.10 -0.59 0.15 -0.25 0.09 -0.55 -0.04 024 | 0.10 -0.59 0.15
ARI%peak Basal [%] -24.25 9.89 -54.13 23.44 -25.42 8.77 -51.51 -5.06 -25.06 9.70 -54.13 17.65

MV: Mean value. SD: Standard deviation. Min., Max.: Minimum and maximum values. For vascular reactivity indexes abbreviations: See text and Table 1. Peak: Peak
value during reactive hyperemic conditions. Bas: Basal or baseline conditions. Pre: Pre-release conditions.

https://doi.org/10.1371/journal.pone.0254869.1004

account Kurtosis and Skewness coefficients distribution and sample size >30) [50]. Data analy-
sis was done using MedCalc Statistical Software (version 18.5, MedCalc Inc., Ostend, Belgium)
and IBM-SPSS Software (version 26, SPSS Inc., Illinois, USA). PROCESS version 3.5 (SPSS
extension) was used for moderation (interaction) analysis [51]. A p<0.05 was considered sta-
tistically significant. Evans’s Empirical Classifications of Interpreting Correlation Strength by
Using r was applied: r<0.20, very weak; r: 0.20-0.39, weak; r: 0.40-0.59, moderate; r: 0.60-
0.79, strong; r >0.80, very strong [52].

Results
Subjects characteristics

Table 2 shows demographic, clinical, CV and anthropometric data. Note the wide age-ranges
considered. Table 3 shows BA parameters during VR test. VR indexes are shown in Table 4.
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Association between vascular reactivity indexes

Simple bivariate correlation data are shown in Table 5. Figs 3-7 show absolute values for r
coefficient (ordered from highest to lowest).

In general terms, VR indexes showed no association with each other. Very strong (r >0.80)
or strong (r: 0.60-0.79) associations were only observed for indexes belonging to the same
group (e.g., some macro VR indexes) and thus are mathematically related (e.g., FMD% vs.
ADDpei pasan 1>0.90) [Table 5, Figs 3-7]. Conversely, parameters from different class or
groups (e.g. macro and micro VR indexes) showed non-significant, weak or very week associa-
tions [Table 5].

L-FMC% and FMD% showed a moderate association [Table 5, Fig 5]. TPD_FMD% showed
no association with other VR indexes (r<0.14) [Table 5, Fig 3].

When analyzing recruitable EF and baseline data (i.e., ADD Peak-Basal/AV Peak-Basal;
FMD/AV Peak_Basal; pFMDv; FMD%WSS; ADD Prerelease_Basal/AEDV Prelease_Basal;
L-FMC/AV Prerelease_Basal; pL-FMCv and L-FMC%/WSS) the adjustment for stimulus did
not result in increased associations [Table 5, Figs 3-7].

Macro and macro/micro VR indexes showed either no significant or very weak associations
with indexes evaluating the micro VR [Table 5, Fig 7].

Association between vascular reactivity indexes and brachial artery
diameter and blood pressure levels

Basal BA DD showed weak association with arterial capability to dilate in response to a hyper-
emic stimulus (data non-adjusted for stimulus). The associations were very weak when data
co-adjusted for stimulus were considered. In turn, basal BA DD showed no association with
pre-release data (adjusted for stimulus) or micro-vascular resistances changes [Fig 8]. bSBP
and bDBP were negatively associated (very weak levels) with some VR indexes [Fig 8]. The lev-
els of the associations were lower when data adjusted for stimulus were considered.

Vascular reactivity: Age- and sex-specific reference intervals

There were VR indexes: (i) that required sex-specific RIs from certain ages (e.g., males and
females <60.1 y did not show differences in pFMDv [p>0.05; European Criteria subgroup],
while for older ages, pPFMDv was gradually higher in males), (ii) for which sex-specific Rls
were necessary disregard of age (e.g., AWSSpear_pasar)> (iii) for which sex-specific RIs were not
necessary (e.g., FMD%) and (iv) that did not require age and sex-specific Rls (e.g., TPD_FMD
%) [S7 and S8 Tables in S1 File].

Age- and/or sex-related reference intervals

Data for year-by-year RlIs are in (S10-S35 Tables in S1 File for ‘European Criteria’; S36-S63
Tables in S1 File for 'HUNT-FIT criteria’ RIs subgroup). S2 File shows age-related percentile
curves (all, females and males) for the different VR indexes.

Fig 9 exemplifies age-related profiles or percentile curves obtained. Table 6 summarizes (10
y intervals) reference values (p2.5th, p10th, p25th, p50th, p75th, p90th, p97.5th) for VR indexes
obtained for RIs-subgroups defined following the European and HUNT-FIT criteria.

Discussion
Main findings

The main findings can be summarized as follows:
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Fig 3. Absolute values for R coefficients (ordered from highest to lowest). Numbers in parentheses: (1 and 2): Basal
vs. RH Indexes (non-adjusted and adjusted for stimulus); (3 and 4): Basal vs. Pre-release Indexes (non-adjusted and
adjusted for stimulus); (5): Total Vascular Reactivity; (6): Hyperemic Stimulus Indexes; (7): Microvascular Indexes.
Evans’ Empirical Classifications of Interpreting Correlation Strength by Using ‘r’ was indicated (“y" axis). RH: Reactive
hyperemia.

https://doi.org/10.1371/journal.pone.0254869.g003

First, methods used to assess macro, macro/micro and micro VR showed little association
with each other. Furthermore, significant associations were mostly very weak or weak and in
no case the association was very strong (r >0.80). The adjustment for stimulus did not result
in an increase in the association between VR indexes [Table 5, Figs 3-7].

In our knowledge, Dhindsa et al. (2008) [4], was the first study to comprehensively assess
the relationship between simultaneously measured peripheral VR indexes. In forty apparently
healthy subjects (28 men; age: 19-68 y), the authors evaluated and compared different tech-
niques and indexes used to assess VR. Schematically, ‘macro’ (i.e., FMD%, change in brachial-
to-radial pulse wave velocity), ‘macro/micro” (hyperemic WSS) and "micro” (reactive hyper-
emic flow, skin reactive hyperemia, fingertip pulse wave amplitude, fingertip temperature) VR
indexes were quantified. The authors reported that VR indexes were not strongly associated.
Furthermore, for most of the techniques assessed (75%), correlations between VR indexes did
not reach statistical significance [4]. In agreement with the aforementioned, in this work VR
indexes showed little association with each other. The above would mean that vascular
response to a given stimulus would be a complex, composite issue, involving different and
independent changes at different vascular levels and components, which would be reflected by
specific indexes. These would be indicators (measure) of particular functional arterial proper-
ties and would not necessarily be affected in a similar and/or simultaneous way. As discussed
by Dhindsa et al. the findings suggest that different physiological working mechanisms may be
involved in the stimulation and development of vascular responses (e.g., dissimilar contribu-
tion of macro- and microvascular properties to VR indexes) [4,5].

In addition to differences in the association among them, VR indexes would show differ-
ences in their association with CRFs and/or CVD [53,54]. Related with this, previously we
found that conditions like hypertensive states during pregnancy [32] and childhood obesity
[3], could have a different impact on macro-, macro/micro and micro VR indexes. For
instance, microvascular response was preserved whereas macrovascular response was impaired
[3]. In turn, it should be noted that the impaired response was not a universal finding among
the different macro/micro VR indexes (e.g., there were changes in FMD% but not in L-FMC
%) [32]. Recently, Jekell et al. found weak agreement between changes in micro and macro VR
in hypertensive subjects (n = 71) [53]. In Framingham Offspring, Third Generation and Omni
Cohorts (n = 7031; age: 19-88 y; 54% women), macro and micro VR indexes showed differ-
ences in the association with CRFs and showed almost no correlation with each other [54]. In
this regard, it has been proposed that micro-vascular dysfunction would be a prognostic bio-
marker whereas macro-vascular dysfunction would reflect atherosclerosis presence. Thus, the
simultaneous assessment of macro and micro VR would be of value [55]. Differences in endo-
thelial characteristics (e.g., structure, function, response to stimulus) between micro and
macrovascular territories could contribute to explain the described findings [56].

The finding that micro and macro VR would show a weak (if any) correlation with each
other and that they would be differently affected by different factors and/or clinical conditions
should advise against extrapolating findings from one to the other [54]. In turn, the need for
specific RIs for the different indexes is highlighted (see below).

Second, RIs data showed that healthy subjects non-exposed to factors related to increased
CV risk could have negative FMD% and positive LEMC% levels [Table 5].
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Fig 4. Absolute values for R coefficients (ordered from highest to lowest). Numbers in parentheses: (1 and 2): Basal vs. RH Indexes (non-
adjusted and adjusted for stimulus); (3 and 4): Basal vs. Pre-release Indexes (non-adjusted and adjusted for stimulus); (5): Total Vascular
Reactivity; (6): Hyperemic Stimulus Indexes; (7): Microvascular Indexes. Evans’ Empirical Classifications of Interpreting Correlation Strength by
Using ‘r” was indicated ('y” axis). RH: Reactive hyperemia.

https://doi.org/10.1371/journal.pone.0254869.9004

In agreement with Skaug et al. [13] and Konigstein et al. [15], who reported Rls for Norwe-
gian and Swiss adults, respectively, in this work and disregard of RIs-subgroup considered
("European’ and "HUNT-FIT" criteria) there were subjects whose FMD% reached negative
values [Table 6, Figs 10 and 11].

Therefore, in healthy subjects it would be expected to find an absence of dilatatory response
during VR test, though the amount would be relatively small (e.g., below the 2.5th percentile).
According to Skaug et al. [13] subjects without significant dilatation should be considered to
have “endothelial dysfunction’, even though it would not be possible to identify the explanatory
factor(s) for the lack of response (e.g., failure to produce and release nitric oxide, altered
smooth muscle response and/or the artery is at the structural limit of dilation) [2,14]. Looking
at available data (including our results), eliminating subjects without a dilatory response at the
time of constructing RIs would be an “arbitrary definition’, which could have an effect on the
RIs obtained.

In theory, a BP drop could be responsible for a negative or reduced FMD%. RH results
from metabolic products accumulated during transient ischemia that determine microcircula-
tory vasodilation. The resulting fall in microvascular resistance leads to increased blood flow
upstream in BA, so that its own resistance to flow may become significant (at least until its
own vasodilation occurs) and create a BP loss, which may cause passive BP-dependent
mechanical constriction (elastic recoil) [61]. Higher positive FMD% values were observed in
association with greater RH and/or smaller BA pressure drop [61]. In this respect, dilatation in
the VR test would be “masked’ by the constriction associated to BP drop. Differences in RH
and/or in baseline BA distension (strain) would contribute to explain the imbalance between
opposite mechanisms and differences in the observed reponses (dilatation vs. constriction).

In agreement with data reported by Konigstein et al. data (n = 457, age: 20-91 y, 50%
females, nonsmoking without chronic diseases and regular medication; very low CV risk) [15]
[Fig 12], a significant number of subjects showed positive L-FMC% values (pre-release BA
diameters larger than basal diameters). This was "corrected” (although partially) when L-FMC
% was adjusted for stimulus [Table 6]. This is in agreement with Thijjsen et al., who observed
that BA diameters were larger during the cuff-inflation (distal arterial occlusion) than in basal
conditions [62]. The ‘impact” of distal cuff-inflation on BA diameter was age-dependent. In
children, adolescents and young adults, cuff inflation was associated with an increase in BA
diameter, whereas in older subjects the changes (differences) were not significant (probably
due to the age-related increase in arterial stiffness) [62]. It should be noted that available data
regarding BA diameter levels (and changes) associated with arterial occlusion are controversial
[7,63-66]. L-EFMC% in BA would not be a universal response, as observed in the radial artery.
In this regard, L-FMC% was firstly described as a radial artery specific-response [38] and there
is agreement in the presence of radial constriction associated with proximal cuff inflation (zero
blood flow and ischemic metabolites accumulation) [38,65,67]. Changes in BA diameter dur-
ing cuff inflation would not be explained by ischemic metabolites accumulation, but could be
the result of BP-related factors [62]. An increase in BA diameter during cuff-occlusion could
contribute to explain the finding of negative values when calculating TVR [Table 6, Fig 12].

Fig 12 shows age-related profiles for L-FMC% obtained in this and in K6nigstein et al.
work. [15]. Positive L-FMC% values were observed in both populations, but L-FMC% levels
and age-related profiles differed (similarities were mainly observed at older ages). Biological
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Fig 5. Absolute values for R coefficients (ordered from highest to lowest). Numbers in parentheses: (1 and 2): Basal
vs. RH Indexes (non-adjusted and adjusted for stimulus); (3 and 4): Basal vs. Pre-release Indexes (non-adjusted and
adjusted for stimulus); (5): Total Vascular Reactivity; (6): Hyperemic Stimulus Indexes; (7): Micro-vascular Indexes.
Evans’ Empirical Classifications of Interpreting Correlation Strength by Using ‘v’ was indicated (“y” axis). RH: Reactive
hyperemia.

https://doi.org/10.1371/journal.pone.0254869.9005

(e.g., age-related differences in arterial stiffness) as well as methodological (e.g., distance
between the proximal edge of the cuff and the ultrasound probe, cuff size) factors could con-
tribute to explain the findings and the differences between groups. As described, L-FMC%
would depend on flow variations during cuff-inflation. Thus, at the time of analyzing the vas-
cular response in a subject or population, it would be appropiate to evaluate the variations in
diameter considering (knowing) the local (BA) hemodynamic changes associated with cuff-
inflation.

FMD% and L-FMC% have demonstrated association with CV risk. However, as stated
above, their data depend on local hemodynamic factors. Further works would be necessary: (i)
to isolate VR and characterize the responsiveness to a given stimulus, (ii) to develop indexes
that consider (e.g., adjust for) brachial BP acute or transient impact on vascular response and/
or (iii) to integrate complementary data from different tests so as to accurately characterize VR
and/or EF. In this regard, in addition to tests (and indexes) that evaluate the response to tran-
sient changes in blood flow and WSS, it would be useful to analyze the response to ‘sustained’
changes (e.g. increases) in WSS (e.g., by limb heating, vasodilators infusion, exercise) that
would mimic in vivo physiological conditions [68]. Transient and sustained WSS stimuli may
test different aspects of vascular physiology. Thus, they could be complementary [68].

Third, although macro VR indexes depended on BA diameter and BP, the size effect
would be low, even more so when considering VR indexes adjusted for the hyperemic stimulus
(e.g., ADD Peak-Basal/AVPeak-Basal, FMD/AVPeak_Basal, pFMDv, FMD%WSS) [Fig 8].

Fourth, the need for sex-specific RIs relied on the VR index and/or age considered [S7
and S8 Tables in S1 File].

The relationship between sex and VR is controversial. The described sex-related differences
in VR could not be explained by sex-related differences in arterial properties per se, but by sex-
related differences in arterial sensitivity to CRFs and/or by the age of the studied subjects. On
the other hand, it should be noted that sex-related differences were in many cases defined on
the basis of statistical results (e.g., p-value), disregard of the true effect size”. Additionally, in
some cases the definition and/or analysis of sex-related differences was done without taking
into account cofactors (i.e., exposure to CRFs) [17].

In 1994, Celermajer et al. studied healthy subjects (n = 500, age: 36x15 (5-73) y; 248
females) without known CVD, hypertension, familial hypercholesterolemia and homocysti-
nuria; none of the included subjects was taking cardioactive drugs [69]. However, subjects
could be exposed to other CRFs (e.g., tobacco use, high cholesterol). After adjusting for basal
diameter and CRFs, the authors found larger FMD% levels in females than in males [69]. In
healthy subjects (n = 40, age: 23-52 y) non-exposed to CRFs (i.e., hypertension, diabetes,
smoking, hypercholesterolemia, family history of heart disease), Corretti et al. (1995) did not
find differences in FMD% between males and females <40 y of age, whereas at older ages
larger FMD% values were observed in females (data not adjusted for BA basal diameter) [70].
In a group of subjects (n = 20, age: 3143 y) without history of hypertension, hyperlipidemia,
diabetes or current smoking, Uehata el al. (1997) found larger FMD% values in females than in
males of similar age (14.1+6.0% vs. 5.3+2.3%, p<0.001) [71]. There were no differences in the
hyperemic stimulus between males and females. It should be noted that males had lower HDL-
cholesterol and higher mean brachial BP levels [71]. The described differences in FMD% were
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Fig 6. Absolute values for R coefficients (ordered from highest to lowest). Numbers in parentheses: (1 and 2): Basal
vs. RH Indexes (non-adjusted and adjusted for stimulus); (3 and 4): Basal vs. Pre-release Indexes (non-adjusted and
adjusted for stimulus); (5): Total Vascular Reactivity; (6): Hyperemic Stimulus Indexes; (7): Micro-vascular Indexes.
Evans’ Empirical Classifications of Interpreting Correlation Strength by Using ‘r’ was indicated (“y" axis). RH: Reactive
hyperemia.

https://doi.org/10.1371/journal.pone.0254869.g006

attributed to differences in BA diameter since it was the only explanatory factor for BA
response in a multivariate analysis considering sex, bSBP, HDL-cholesterol, in addition to BA
diameter [71].

Herrington et al. (2011) analyzed data from epidemiological and clinical trials (n = 4040,
age: 74.5£13.1 y, range. 13.8-97.8 y.). The authors found larger FMD% values in females than
in males (3.89+2.75 vs. 3.16+2.14%, p<0.001), which was primarily explained by the smaller
basal diameters observed in females [14]. The hyperemic stimulus and absolute changes in
diameter did not show sex-related differences. After adjusting for age and baseline diameter,
lower FMD% values (and absolute changes in BA diameter) were observed in females (3.50
+1.55 vs. 3.70+0.06%, p = 0.027). Taking into account the age of the subjects (mean: 74.5 y;
most subjects between 75-85 y) and the greater vasodilatory response described in association
with premenopausal status, women <50y (n = 140) and men of similar age (n = 164) were
compared. After adjusting for age and basal diameter, there were no significant differences in
FMD% or absolute changes in arterial diameter between females and males (6.48+0.33% vs.
6.49+0.30% and 0.25+0.01 vs. 0.25+0.01mm, respectively) [14]. Unfortunately, other potential
covariates (e.g., cholesterol levels, smoking status, CVD, lipid and BP-lowering drugs use)
were not considered.

In 2015, Hopkins et al. published sex-specific RIs for VR indexes considering data obtained
in children and adolescents from United Kingdom, United States of America and Australia
(n =978, age: 6-18 y) [18]. In turn, RIs for Chinese subjects were defined in 2018 by Li et al.
(n = 1637; age: 8-18'y) [19]. Hopkins et al. stated that sex-related differences in FMD% were
only apparent at 17 and 18 years old. When FMD% was adjusted for basal BA diameter, sex-
related differences were attenuated (non-significant). Li et al. found sex-related differences in
FMD% in 12 and 13 year old subjects [19]. Note in Fig 11 the overlapping of FMD% curves for
females and males, obtained from data published by Hopkins et al. and Li et al.

Skaug et al. reported sex-specific RIs for FMD% (Norwegian subjects, n = 4739; 20-89 y,
obese and smokers included) [13]. Shear rate yielded similar patterns for age and sex. The
authors reported higher FMD% values in females (5.33%, 95%CI: 5.15-5.51%) than in males
(4.29%, 95%CI: 4.12-4.45%) across different age-groups from 20 to 70 y (p<0.001). For sub-
jects older than 70 y., sex-related differences were no longer statistically significant (p = 0.21)
[13]. The authors analyzed (in the same group of subjects) the association between EF and
exposure to CRFs [72]. They found that hyperglycemia, high BP, low fitness and a cluster of
CRFs comprising the metabolic syndrome were more strongly associated with reduced FMD%
in females than in males. Since RIs published by Skaug et al. were obtained in subjects exposed
to some traditional CRFs, it is unknown whether the sex-related differences in VR were influ-
enced by sex-related differences in susceptibility to CRF impact, which could not be consid-
ered by (merely) adjusting for the number of CRFs. It would be of interest to determine
whether the described differences would be observed in males and females not exposed to
CREFs.

Konigstein et al. did not find sex-related differences in L-FMC% values (age-related differ-
ences were similar in females and males), which is in agreement with our findings [15].

Fifth, population-based Rls for macro, macro/micro and micro VR indexes were defined
from data obtained in the same group of subjects. Defining Rls is an important step when
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Fig 7. Absolute values for R coefficients (ordered from highest to lowest). Numbers in parentheses: (1 and 2): Basal
vs. RH Indexes (non-adjusted and adjusted for stimulus); (3 and 4): Basal vs. Pre-release Indexes (non-adjusted and
adjusted for stimulus); (5): Total Vascular Reactivity; (6): Hyperemic Stimulus Indexes; (7): Micro-vascular Indexes.
Evans’ Empirical Classifications of Interpreting Correlation Strength by Using ‘r’ was indicated (“y" axis). RH: Reactive
hyperemia.

https://doi.org/10.1371/journal.pone.0254869.g007

considering the introduction of VR indexes in research and clinical practice (e.g., to identify
conditions associated with data deviation form expected values in physiological settings and/
or to detect subclinical target organ damage) [Table 6; S10-S63 Tables in S1 File; S2 File]. To
our knowledge this is the first time RIs for different ‘'macro’, ‘'macro/micro” and ‘'micro’ VR
indexes were determined (at the same time) in large groups of healthy children, adolescents
and adults (3-85 y), defined taking into account inclusion and exclusion criteria used by our
and other groups.

Despite several groups published FMD% data, only few analyzed them as a function of age.
Fig 11 shows the RIs for FMD% defined in this work, together with profiles obtained from
data published by other authors. Note the similarity between this work FMD% data for adults
and those obtained by Skaug et al. [13], despite profiles for Skaug et al. data were constructed
(in the Figure) from MVs for each age-decade whereas in this work RIs were developed based
on year-by-year data [Fig 11]. The p50th obtained in this work and Q3 (range: p40th to p60th)
determined from Skaug et al. data showed similar profiles (slopes) in males and females. This
work FMD% data and those obtained by Konigstein et al. for adult males almost overlapped
and showed similar age-related profiles [13] [Fig 11]. A similar observation can be made when
comparing the results of this work and those of Tomiyama et al. (n = 1908, females: 28%, with-
out CRFs and CV disease; data obtained as mean values for each decade) [17] [Fig 11]. Data
obtained for females by the different groups (values and profiles) did not show the similarity
described for males [Fig 11]. The analysis of the explanatory factors and (practical) significance
of the above is beyond the scope of this work, but in any case it highlights the importance of
considering appropriate references values.

Findings were heterogeneous when data from children and adolescents (6-18 y) were ana-
lyzed. Comparing data obtained in subjects from United Kingdom, United States of America
and Australia, with this work data ("European Criteria”) there were ages at which data were
different and ages at which data almost overlapped and showed a similar tendency to decrease
with age [18]. When comparing our data with those from Chinese children [19], there were
ages in which there was an almost perfect overlapping (e.g., 10-15 y), despite the authors did
not find an age-related reduction in FMD%, but reported a flattened age-related profile
between 6 and 18 y [Fig 11].

As expected, FMD% values (p50th) obtained for the RIs-subgroup defined following
restrictive criteria ('European” criteria) were higher than those for the subgroup obtained in
agreement with a comprehensive criteria ("HUNT-FIT" criteria) [Fig 11].

Different cut-off values have been used to define low FMD% . In this regard, based on
data from receiver-operating characteristic (ROC) curve analysis some authors defined an
FMD% <5.0% (lowest 30th percentile) as the cut-off value [57-59]. Other authors considered
an FMD% <10.0% to define a reduced FMD response [60]. The cut-off values were (mainly)
defined considering BA FMD% data obtained in control subjects and patients with coronary
artery disease. According to our findings, regardless of the RIs-subgroup and life stage consid-
ered, there would be (healthy) subjects with FMD values <5.0%. The number of subjects ful-
filling this condition would be: (i) ~10% of 6- year-olds, (ii) ~25% of 20-year-olds, (iii) ~50%
of adults aged 50-55 y, and (iv) ~70% of subjects aged 80-84 y [Fig 10]. If a cut-off value equal
to 10% were considered, subjects with reduced FMD would represent: (i) ~50% of 6-year-olds,
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Fig 8. Associations (simple and partial correlations [adjustment for age and sex]) between vascular reactivity
indexes and brachial artery (BA) end-diastolic diameter, and systolic and diastolic blood pressure.

https://doi.org/10.1371/journal.pone.0254869.9008
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Fig 9. FMD% (top) and AWSSpeai pasal (bottom) age-related profiles or percentile curves for European (left) and HUNT-FIT (right) criteria. Quantitative data is in

Table 6 and S1 File.
https://doi.org/10.1371/journal.pone.0254869.9009

(ii) ~75% of 20-year-olds, (iii) ~90% of adults aged 50-55 y, and (iv) ~95% of subjects aged
80-84 y [Fig 10]. The above advises against the universal use of particular cut-off values since
it could lead to over-diagnose impaired VR and EF. Furthermore, selecting inadequate cut-off
points to define normal and abnormal VR responses would impact negatively on the clinical
value ascribed to the analyzed response. Further studies will contribute to determine and
define the most appropriate index (or indexes) and the corresponding cut-off values that
should be applied in a given subject and population.

Strengths and limitations

Our results should be analyzed in the context of the work s strengths and limitations. First, it
should be noted that even using the previously described definitions for ‘micro’, ‘macro” and
"macro/micro’ VR indexes [4], the distinction is often difficult or even inaccurate and proba-
bly all the obtained data would be the result or reflect a combination (of different relative mag-
nitude) of both macro- and microvascular reactivity [4,5]. Second, since this is a cross-
sectional study, it provides no data on longitudinal age-related variations in VR indexes.
Third, outcome data were not considered. Thus, cut-off points (e.g., p75th, p90th, p95th)
could not be selected based on the association with increased CV risk, but on data distribution
in the RIs group. Whether or not the Rls values should be used as cut-off values for diagnose
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Table 6. Vascular reactivity indexes RIs (European and HUNT-FIT criteria; detailed by decade of life).

Percentiles
2.5th 10th 25th 50th 75th 90th 97.5th

6 -0.04 0.05 0.14 0.23 0.33 0.43 0.53
10 0.00 0.08 0.16 0.25 0.34 0.42 0.52
20 0.01 0.09 0.17 0.25 0.34 0.42 0.51
30 0.00 0.08 0.16 0.24 0.33 0.41 0.51
40 -0.02 0.06 0.14 0.23 0.32 0.41 0.51
50 -0.05 0.04 0.12 0.22 0.32 0.41 0.51
60 -0.08 0.02 0.10 0.20 0.31 0.40 0.51
70 -0.11 -0.01 0.08 0.19 0.30 0.40 0.52
80 -0.13 -0.03 0.06 0.18 0.29 0.40 0.52
84 -0.14 -0.04 0.06 0.17 0.29 0.40 0.52

6 98.8 102.8 106.3 110.3 114.2 117.8 121.9
10 99.3 102.7 105.9 109.4 112.9 116.0 119.6
20 99.4 102.3 105.0 108.0 110.9 113.6 116.6
30 99.1 101.8 104.3 107.0 109.7 112.2 115.0
40 98.8 101.4 103.7 106.3 108.9 111.2 113.8
50 98.4 100.9 103.1 105.6 108.2 110.4 113.0
60 98.0 100.4 102.6 105.1 107.6 109.8 112.3
70 97.6 100.0 102.2 104.6 107.1 109.3 111.7
80 97.2 99.6 101.7 104.2 106.6 108.8 111.3
84 97.0 99.4 101.6 104.0 106.4 108.6 111.1

6 0.14 3.22 6.28 10.01 14.07 17.99 22.67
10 0.26 3.05 5.79 9.11 12.70 16.15 20.25
20 0.07 2.49 4.85 7.69 10.74 13.66 17.12
30 -0.28 1.96 4.13 6.74 9.54 12.22 15.39
40 -0.66 1.46 3.53 6.00 8.66 11.20 14.20
50 -1.04 1.01 3.00 5.39 7.95 10.40 13.30
60 -1.41 0.58 2.53 4.86 7.36 9.75 12.59
70 -1.76 0.19 2.10 4.38 6.85 9.20 12.00
80 -2.09 -0.18 1.70 3.96 6.39 8.73 11.49
84 -2.22 -0.32 1.55 3.80 6.23 8.55 11.31

6 232 41.5 61.8 88.5 119.5 150.7 189.4
10 18.3 37.3 59.2 88.7 123.4 158.8 203.1
20 15.7 34.8 57.2 87.9 124.3 161.7 208.7
30 16.5 35.2 57.1 86.7 121.8 157.7 202.8
40 18.5 36.7 57.6 85.5 118.3 151.8 193.6
50 21.0 38.6 58.3 84.3 114.6 145.2 183.3
60 23.9 40.8 59.2 83.2 110.8 138.5 172.7
70 27.1 43.2 60.2 82.1 107.0 131.8 162.2
80 30.6 45.6 61.2 81.0 103.3 125.2 152.1
84 32.0 46.6 61.7 80.6 101.8 122.7 148.1

(Continued)
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Table 6. (Continued)

6 1.8(-3) 3.7(-3) 5.6(-3) 7.8(-3) | 1.0(-2)
10 48(-4) | 32(:3) | 59(-3) | 9.2(-3) | 1.3(-2)
20 S10(-3) | 23(-3) | 5.8(-3) | 1.0(-2) | 1.5(-2)
30 S1.8(-3) | 1.8(-3) | 54(-3) | 1.0(-2) | 1.6(-2)
40 22(-3) | 13(-3) | 50(-3) | 9.7(-3) | 1.5(-2)
50 25(-3) | 9.2(-4) | 45(-3) | 9.1(-3) | 1.4(-2)
60 2.7(-3) | 5.8(-4) | 4.0(-3) | 8.4(-3) | 1.3(-2)
70 2.8(-3) | 2.9(-4) | 35(:3) | 7.7(-3) | 1.2(-2)
80 2.9(-3) | 1.8(-5) | 3.1(:3) | 6.9(-3) | 1.1(-2)
84 3.0(-3) | -83(-5) | 29(-3) | 6.7(-3) | 1.1(-2)
6 3.6(-4) | 14(-3) | 23(-3) | 3.4(3) | 4.5(-3)
10 23(-4) | 97(-4) | 21(-3) | 3.4(-3) | 48(-3)
20 -8.0(-4) 5.2(-4) 1.8(-3) 3.3(-3) | 4.8(-3)
30 9.9(-4) | 3.1(-4) | 15(-3) | 3.0(-3) | 4.5(-3)
40 S10(-3) | 1.9(-4) | 14(-3) | 2.7(-3) | 4.2(-3)
50 -1.0(-3) | 1.1(-4) | 12(-3) | 2.5(-3) | 3.8(-3)
60 9.9(-4) | 62(-5) | 1.0(-3) | 2.2(-3) | 3.4(-3)
70 92(-4) | 3.0(-5) | 9.1(-4) | 1.9(-3) | 3.0(-3)
80 83(-4) | 1.1(-5) | 7.9(-4) | L7(-3) | 2.6(-3)
84 7.9(-4) | 6.0(-6) | 7.5(-4) | 1.6(-3) | 2.5(-3)
6 19(-3) | 12(-2) | 2.6(-2) | 49(-2) | 8.1(-2)
10 9.8(-4) | 9.9(-3) | 2.1(-2) | 3.9(-2) | 64(-2)
20 26(-3) | 44(-3) | 13(-2) | 2.7(-2) | 4.8(-2)
30 5.7(-3) | 33(-4) | 83(-3) | 2.1(-2) | 4.1(-2)
40 79(-3) | -2.7(-3) | 47(:3) | 1.7(-2) | 3.7(-2)
50 9.6(-3) | -5.0(-3) | 20(-3) | 1.4(-2) | 3.4(-2)
60 S1.1(-2) | -6.8(-3) | -2.0(-4) | 1.2(-2) | 3.3(-2)
70 -12(-2) | -82(-3) | -2.0(-3) | 1.0(-2) | 3.2(-2)
80 -13(-2) | -9.3(-3) | -3.5(-3) | 8.8(-3) | 3.1(-2)
84 -13(-2) | -9.7(-3) | -4.0(-3) | 82(-3) | 3.1(-2)
6 12(-3) | 1.3(-2) | 29(-2) | 5.7(-2) | 1.0(-1)
10 84(-4) | 1.0(-2) | 23(-2) | 44(2) | 7.7(-2)
20 2.5(-3) | 4.8(-3) | 14(-2) | 3.0(-2) | 5.4(-2)
30 57(-3) | 4.3(-4) | 89(-3) | 2.3(-2) | 4.5(-2)
40 8.1(-3) | -2.8(-3) | 49(-3) | 1.9(-2) | 4.1(-2)
50 99(-3) | -53(-3) | 1.9(-3) | 1.5(-2) | 3.8(-2)
60 SL1(2) | -7.2(-3) | -47(-4) | 1.3(-2) | 3.7(-2)
70 12(-2) | -8.6(-3) | -24(-3) | 1.1(-2) | 3.6(-2)
80 -13(-2) | -9.8(-3) | -4.0(-3) | 9.1(-3) | 3.6(-2)
84 -13(-2) | -1.0(-2) | -4.5(-3) | 8.5(-3) | 3.5(-2)
6 -0.09 -0.01 0.05 0.13 0.21

10 -0.11 -0.03 0.05 0.14 0.23

20 -0.14 -0.05 0.04 0.14 0.24

(Continued)
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Table 6. (Continued)

30 -0.16 -0.07 0.02 0.13 0.24 0.34 0.46
40 -0.18 -0.08 0.01 0.12 0.23 0.34 0.46
50 -0.19 -0.09 0.00 0.11 0.22 0.33 0.45
60 -0.20 -0.10 -0.01 0.10 0.21 0.32 0.44
70 -0.21 -0.11 -0.02 0.09 0.20 0.31 0.43
80 -0.22 -0.12 -0.03 0.08 0.19 0.29 0.42
84 -0.22 -0.12 -0.03 0.07 0.19 0.29 0.41
6 95.4 98.8 102.0 105.6 109.4 112.9 116.9
10 95.5 98.7 101.7 105.2 108.7 112.0 115.9
20 95.4 98.4 101.2 104.4 107.7 110.7 114.2
30 95.3 98.2 100.8 103.8 106.9 109.8 113.1
40 95.1 97.9 100.4 103.3 106.3 109.0 112.2
50 95.0 97.7 100.1 102.9 105.8 108.4 111.5
60 94.8 97.4 99.8 102.5 105.3 107.9 110.8
70 94.7 97.2 99.5 102.2 104.9 107.4 110.2
80 94.6 97.0 99.3 101.9 104.5 106.9 109.7
84 94.5 96.9 99.2 101.7 104.4 106.8 109.5
6 -3.82 -1.00 1.85 5.38 9.28 13.08 17.67
10 -3.82 -1.14 1.58 4.92 8.61 12.20 16.51
20 -3.95 -1.45 1.05 4.13 7.50 10.78 14.72
30 -4.09 -1.73 0.64 3.55 6.73 9.82 13.52
40 -4.24 -1.97 0.29 3.07 6.11 9.05 12.58
50 -4.38 -2.20 -0.01 2.66 5.58 8.41 11.80
60 -4.52 -2.40 -0.29 2.30 5.12 7.85 11.13
70 -4.65 -2.59 -0.54 1.97 4.70 7.35 10.53
80 -4.77 -2.77 -0.77 1.66 4.32 6.90 9.98
84 -4.82 -2.84 -0.86 1.55 4.18 6.73 9.78
6 -0.10 -0.05 0.01 0.09 0.18 0.27 0.39
10 -0.10 -0.05 0.00 0.06 0.13 0.21 0.30
20 -0.10 -0.06 -0.02 0.02 0.08 0.13 0.19
30 -0.09 -0.06 -0.03 0.01 0.05 0.09 0.14
40 -0.09 -0.06 -0.04 -0.01 0.03 0.06 0.10
50 -0.09 -0.07 -0.04 -0.02 0.01 0.04 0.07
60 -0.09 -0.07 -0.05 -0.02 0.00 0.03 0.05
70 -0.09 -0.07 -0.05 -0.03 -0.01 0.01 0.04
80 -0.09 -0.07 -0.05 -0.04 -0.02 0.00 0.02
84 -0.08 -0.07 -0.05 -0.04 -0.02 0.00 0.02
6 -0.03 -0.02 0.00 0.03 0.07 0.11 0.16
10 -0.03 -0.02 0.00 0.02 0.05 0.08 0.12
20 -0.03 -0.02 -0.01 0.01 0.03 0.05 0.07
30 -0.03 -0.02 -0.01 0.00 0.02 0.03 0.05
40 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
50 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.02

(Continued)
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Table 6. (Continued)

60 -0.03 -0.02 -0.01 -0.01 0.00 0.01 0.02
70 -0.02 -0.02 -0.02 -0.01 0.00 0.00 0.01
80 -0.02 -0.02 -0.02 -0.01 -0.01 0.00 0.01
84 -0.02 -0.02 -0.02 -0.01 -0.01 0.00 0.00
6 -0.13 -0.09 -0.04 0.03 0.12 0.21 0.32
10 -0.12 -0.08 -0.04 0.02 0.09 0.17 0.26
20 -0.11 -0.08 -0.04 0.00 0.06 0.11 0.19
30 -0.11 -0.08 -0.05 -0.01 0.04 0.09 0.14
40 -0.10 -0.08 -0.05 -0.01 0.03 0.07 0.12
50 -0.10 -0.08 -0.05 -0.02 0.02 0.05 0.10
60 -0.10 -0.08 -0.05 -0.02 0.01 0.04 0.08
70 -0.10 -0.07 -0.05 -0.03 0.00 0.03 0.07
80 -0.09 -0.07 -0.05 -0.03 0.00 0.02 0.06
84 -0.09 -0.07 -0.05 -0.03 0.00 0.02 0.05
6 -75.06 -48.58 -27.19 -4.87 16.35 34.72 54.63
10 -59.23 -38.99 -22.04 -4.07 13.20 28.23 44.61
20 -39.55 -26.46 -15.18 -2.98 8.89 19.31 30.75
30 -28.66 -19.35 -11.21 -2.35 6.35 14.03 22.49
40 -21.14 -14.38 -8.43 -1.90 4.54 10.25 16.56
50 -15.42 -10.57 -6.28 -1.55 3.13 7.29 11.91
60 -10.80 -7.48 -4.53 -1.27 1.97 4.86 8.08
70 -6.94 -4.88 -3.05 -1.02 1.00 2.80 4.82
80 -3.62 -2.65 -1.78 -0.82 0.15 1.01 1.97
84 -2.42 -1.84 -1.32 -0.74 -0.16 0.35 0.93
6 -4.82 -1.47 1.52 4.82 8.12 11.07 14.37
10 -4.42 -1.39 1.31 4.30 7.29 9.96 12.95
20 -3.87 -1.28 1.03 3.60 6.16 8.45 11.01
30 -3.56 -1.21 0.87 3.19 5.50 7.57 9.88
40 -3.33 -1.17 0.76 2.90 5.03 6.94 9.08
50 -3.16 -1.13 0.67 2.67 4.66 6.46 8.46
60 -3.01 -1.11 0.59 2.48 4.37 6.06 7.95
70 -2.89 -1.08 0.53 2.33 4.12 5.72 7.51
80 -2.79 -1.06 0.48 2.19 3.90 5.43 7.14
84 -2.75 -1.05 0.46 2.14 3.82 5.32 7.00
6 -3.32 -0.29 2.52 5.75 9.06 12.10 15.56
10 -3.31 -0.50 2.11 5.10 8.16 10.97 14.16
20 -3.29 -0.77 1.56 4.22 6.94 9.44 12.28
30 -3.28 -0.93 1.23 3.71 6.24 8.55 11.19
40 -3.27 -1.05 1.00 3.34 5.74 7.93 10.42
50 -3.27 -1.13 0.83 3.07 5.35 7.45 9.82
60 -3.26 -1.21 0.68 2.84 5.04 7.05 9.34
70 -3.26 -1.27 0.56 2.65 4.77 6.72 8.93
80 -3.25 -1.32 0.46 2.48 4.55 6.43 8.58
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84
6 -5.96 -2.38 0.73 4.12 7.44 10.38 13.62
10 -5.19 -2.05 0.70 3.69 6.63 9.24 12.12
20 -4.16 -1.60 0.65 3.11 5.53 7.68 10.06
30 -3.56 -1.34 0.62 2.76 4.88 6.77 8.85
40 -3.14 -1.15 0.60 2.52 4.42 6.11 7.99
50 -2.81 -1.01 0.58 2.33 4.06 5.61 7.31
60 -2.54 -0.89 0.57 2.18 3.77 5.19 6.76
70 -2.32 -0.79 0.56 2.05 3.52 4.84 6.30
80 -2.12 -0.70 0.55 1.94 3.31 4.53 5.89
84 -2.05 -0.67 0.55 1.89 3.23 4.42 5.74
6 11.31 16.16 16.16 16.16 16.16 43.35 52.99
10 10.54 15.33 15.33 15.33 15.33 42.61 52.37
20 9.54 14.24 14.24 14.24 14.24 41.61 51.52
30 8.98 13.62 13.62 13.62 13.62 41.03 51.03
40 8.59 13.19 13.19 13.19 13.19 40.62 50.68
50 8.30 12.86 12.86 12.86 12.86 40.30 50.42
60 8.06 12.59 12.59 12.59 12.59 40.05 50.20
70 7.87 12.37 12.37 12.37 12.37 39.83 50.01
80 7.70 12.18 12.18 12.18 12.18 39.64 49.86
84 7.64 12.11 12.11 12.11 12.11 39.58 49.80
6 10.08 14.85 20.29 27.84 37.18 47.29 60.73
10 8.71 12.94 17.80 24.57 32.98 42.10 54.27
20 7.06 10.64 14.77 20.57 27.82 35.72 46.29
30 6.21 9.43 13.18 18.46 25.08 32.32 42.03
40 5.65 8.64 12.13 17.06 23.26 30.05 39.18
50 5.24 8.06 11.35 16.03 21.91 28.37 37.07
60 4.92 7.60 10.75 15.22 20.85 27.05 35.40
70 4.67 7.23 10.25 14.55 19.99 25.96 34.03
80 4.45 6.92 9.84 13.99 19.25 25.05 32.87
84 4.37 6.81 9.69 13.79 18.99 24.72 32.46
6 12.84 18.30 24.40 32.70 42.77 53.49 67.55
10 11.02 15.82 21.19 28.53 37.47 47.01 59.54
20 8.85 12.84 17.33 23.49 31.04 39.11 49.76
30 7.73 11.28 15.31 20.85 27.65 34.95 44.58
40 6.99 10.27 13.98 19.11 25.41 32.19 41.15
50 6.46 9.52 13.01 17.83 23.76 30.15 38.61
60 6.04 8.94 12.25 16.82 22.47 28.56 36.62
70 5.71 8.47 11.63 16.01 21.42 27.26 35.00
80 5.43 8.08 11.11 15.32 20.53 26.16 33.63
84 5.33 7.94 10.93 15.08 20.22 25.77 33.14
6 9.41 13.80 18.79 25.72 34.26 43.48 55.73
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10 8.11 12.01 16.48 22.70 30.42 38.77 49.89
20 6.56 9.86 13.68 19.03 25.70 32.96 42.68
30 5.76 8.74 12.20 17.08 23.19 29.87 38.81
40 5.23 8.00 11.23 15.79 21.52 27.80 36.23
50 4.85 7.46 10.51 14.84 20.29 26.26 34.31
60 4.55 7.03 9.95 14.09 19.31 25.05 32.79
70 4.31 6.69 9.49 13.48 18.52 24.06 31.55
80 4.10 6.40 9.10 12.96 17.85 23.23 30.50
84 4.03 6.29 8.96 12.78 17.61 22.93 30.12
6 -0.40 -0.35 -0.31 -0.25 -0.20 -0.16 -0.11
10 -0.41 -0.36 -0.31 -0.25 -0.20 -0.15 -0.10
20 -0.43 -0.36 -0.31 -0.25 -0.19 -0.14 -0.08
30 -0.43 -0.37 -0.31 -0.25 -0.18 -0.13 -0.07
40 -0.44 -0.37 -0.31 -0.25 -0.18 -0.12 -0.06
50 -0.44 -0.37 -0.31 -0.24 -0.18 -0.12 -0.05
60 -0.45 -0.37 -0.31 -0.24 -0.18 -0.12 -0.05
70 -0.45 -0.38 -0.31 -0.24 -0.17 -0.11 -0.04
80 -0.45 -0.38 -0.31 -0.24 -0.17 -0.11 -0.04
84 -0.45 -0.38 -0.31 -0.24 -0.17 -0.11 -0.04
6 -0.40 -0.37 -0.33 -0.29 -0.25 -0.21 -0.16
10 -0.40 -0.36 -0.33 -0.28 -0.23 -0.19 -0.14
20 -0.40 -0.36 -0.32 -0.27 -0.21 -0.16 -0.09
30 -0.40 -0.36 -0.31 -0.26 -0.20 -0.14 -0.07
40 -0.40 -0.36 -0.31 -0.25 -0.19 -0.12 -0.05
50 -0.40 -0.35 -0.31 -0.24 -0.18 -0.11 -0.04
60 -0.40 -0.35 -0.30 -0.24 -0.17 -0.10 -0.03
70 -0.40 -0.35 -0.30 -0.24 -0.17 -0.10 -0.02
80 -0.40 -0.35 -0.30 -0.23 -0.16 -0.09 -0.01

84 -0.40 -0.35 -0.30 -0.23 -0.16 -0.09 0.00

6 -0.39 -0.33 -0.29 -0.24 -0.19 -0.14 -0.09
10 -0.40 -0.35 -0.29 -0.24 -0.18 -0.14 -0.08
20 -0.43 -0.36 -0.30 -0.24 -0.18 -0.13 -0.07
30 -0.44 -0.37 -0.31 -0.25 -0.18 -0.13 -0.06
40 -0.45 -0.38 -0.31 -0.25 -0.18 -0.12 -0.06
50 -0.46 -0.38 -0.32 -0.25 -0.18 -0.12 -0.05
60 -0.46 -0.39 -0.32 -0.25 -0.18 -0.12 -0.05
70 -0.47 -0.39 -0.32 -0.25 -0.18 -0.12 -0.05
80 -0.47 -0.39 -0.33 -0.25 -0.18 -0.12 -0.05
82 -0.48 -0.39 -0.33 -0.25 -0.18 -0.12 -0.05
6 -39.37 -34.93 -30.85 -26.21 -21.48 -17.15 -12.25
10 -40.23 -35.45 -31.05 -26.03 -20.91 -16.22 -10.90
20 -41.38 -36.16 -31.32 -25.79 -20.13 -14.95 -9.06
30 -42.04 -36.57 -31.48 -25.65 -19.67 -14.20 -7.98

(Continued)
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Table 6. (Continued)

40

-42.51

-36.86

-31.59

-25.55

-19.35

-13.67

-7.21

50

-42.88

-37.08

-31.67

-25.47

-19.10

-13.26

-6.61

60

-43.17

-37.27

-31.75

-25.40

-18.89

-12.92

-6.12

70

-43.42

-37.42

-31.80

-25.35

-18.72

-12.63

-5.71

80

-43.64

-37.55

-31.86

-25.30

-18.57

-12.39

-5.35

84

-43.72

-37.60

-31.87

-25.28

-18.51

-12.30

-5.22

10 - - -

20 - - -

30 - - -

40 - - -

50 -- -- --

60 - - -

70 - -- -

80 - - -

84 - - -

6 - - -

10 - - -

20 - - -

30 - - -

40 - - -

50 - - -

60 - - -

70 -- - --

80 - - -

82 - - -

All: female and male.

https://doi.org/10.1371/journal.pone.0254869.1006

and treatment is unknown. Fourth, in this work, the concept of VR was (mainly) presented as
“static or unchanged’, rather than the composite of (i) ‘fixed or stable’ (e.g., age-dependent
vascular (intrinsic) capability to produce and respond to vasoactive factors) and (ii) "variable
or adjustable” (e.g., endothelial and vascular smooth muscle capability to temporally adjust
their function). The systematization of recording conditions is necessary to evaluate VR con-
sidering the existence of modulating factors. In this work, to systematize the records and as a
way to minimize the impact of sources of variability, VR levels were assessed and determined
at rest, under stable hemodynamic conditions. Fifth, as a strength, in this study VR indexes
were obtained in a large population sample (of children, adolescents and adults) that included
subjects within a wide age-range (almost the whole life expectancy range), as a continuum.
This would contribute to understand VR behavior (levels and variations) throughout life.

Conclusions

VR indexes used to assess macro, macro/micro and micro VR responses showed little associa-
tion with each other. Adjusting for the stimulus did not result in an increase in the strength of
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Age [years]

European Criteria
25 -

20 -
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FMD% [%]

Age [years]

Fig 10. Comparative age-related profiles for FMD% considering different cut-off values to define low FMD% "
(based on previous reports). (i) <0.0% [13], (ii) <5.0% [57-59] and (iii)<10% [60].

https://doi.org/10.1371/journal.pone.0254869.9010

association between VR indexes. Macrovascular responses were not associated (or the associa-
tion was very weak) with microvascular responses or RH stimulus indexes.

Healthy subjects non-exposed to factors associated with increased CV risk could have nega-
tive FMD%.

The need for sex-specific Rls relied on the parameter and/or age considered. RIs for differ-
ent macro, macro/micro and micro VR indexes were defined (at the same time) in a large pop-
ulation of healthy children, adolescents and adults (3-85 y). Equations for mean, standard
deviation and percentiles values (sex- and/or age- specific) were included in text and spread-
sheet formats. Thus, expected values for a given subject can be calculated.
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Supporting information

S1 File. Table S1. Subjects demographic, anthropometric and clinical characteristics: All.
Table S2. Brachial artery characteristics and vascular reactivity indexes: All. Table S3. Subjects
demographic, anthropometric and clinical characteristics: Reference Intervals subgroup
("European criteria”). Table S4. Brachial artery characteristics and vascular reactivity indexes:
Reference Intervals subgroup (’European criteria”). Table S5. Subjects demographic, anthro-
pometric and clinical characteristics: Reference Intervals subgroup (' HUNT-FIT criteria").
Table S6. Brachial artery characteristics and vascular reactivity indexes: Reference Intervals
subgroup ("HUNT-FIT criteria”). Table S7. Multiple regression models (with interaction
terms between age and sex) as determinant of vascular reactivity indexes: Reference Intervals
subgroup (“European criteria” and "HUNT_FIT criteria“). Table S8. Age-related and/or sex-
related RIs: schematic diagram. Table S9. Age-related mean and standard deviation equations:
mathematical model summary (Reference Intervals subgroup: "European criteria” and
"HUNT-FIT criteria). Table S10. ADD Peak_Basal [mm] reference intervals: All (European
criteria). Table S11. DD Ratio Peak_Basal [%] reference intervals: All (European criteria).
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Table S12. FMD% [%] reference intervals: All (European criteria). Table S13. TPD FMD%
[seconds] reference intervals: All (European criteria). Table S14. ADD Peak-Basal/AVPeak-
Basal [mm/cm/s] reference intervals: All (European criteria). Table S15. FMD/AVPeak_Basal
[1/cm/s] reference intervals: All (European criteria). Table S16. pFMDv reference intervals: All
(European criteria). Table S17. FMD% WSS reference intervals: All (European criteria).

Table S18. ADPrerelease_Basal [mm] reference intervals: All (European criteria). Table S19.
DD Ratio Prerelease_Basal [%] reference intervals: All (European criteria). Table S20. L-FMC
% [%] reference intervals: All (European criteria). Table S21. ADDPrerelease_Basal/AEDVPre-
lease_Basal reference intervals: All (European criteria). Table $22. L-FMC/AVPrerelease_Basal
[1/cm/s] reference intervals: All (European criteria). Table S23. pL-FMCyv reference intervals:
All (European criteria). Table S24. L-FMC%/WSS reference intervals: All (European criteria).
Table S25. TVR [%] reference intervals: All (European criteria). Table S26. TVR [%] reference
intervals: Female (European criteria). Table S27. TVR [%] reference intervals: Male (European
criteria). Table S28. AVPeak Basal [cm/s] reference intervals: Male (European criteria).

Table S29. AWSSPeak_Basal [dyn/cm?2] reference intervals: All (European criteria). Table S30.
AWSSPeak_Basal [dyn/cm?2] reference intervals: Female (European criteria). Table S31.
AWSSPeak_Basal [dyn/cm?2] reference intervals: Male (European criteria). Table S32.
ARIPeak_Basal reference intervals: All (European criteria). Table S33. ARIPeak_Basal refer-
ence intervals: Female (European criteria). Table S34. ARIPeak_Basal reference intervals: Male
(European criteria). Table S35. ARI%Peak_Basal [%] reference intervals: Male (European crite-
ria). Table S36. ADD Peak_Basal [mm] reference intervals: All (HUNT-FIT criteria).

Table S37. DD Ratio Peak_Basal [%] reference intervals: All (HUNT-FIT criteria). Table S38.
FMD% [%] reference intervals: All (HUNT-FIT criteria). Table S39. TPD FMD% [seconds]
reference intervals: All (HUNT-FIT criteria). Table S40. ADD Peak-Basal/AVPeak-Basal [mm/
cm/s] reference intervals: All (HUNT-FIT criteria). Table S41. FMD/AVPeak_Basal [1/cm/s]
reference intervals: All (HUNT-FIT criteria). Table S42. pFMDv reference intervals: All
(HUNT-FIT criteria). Table S43. FMD%WSS reference intervals: All (HUNT-FIT criteria).
Table S44. ADPrerelease_Basal [mm] reference intervals: All (HUNT-FIT criteria). Table S45.
DD Ratio Prerelease_Basal [%] reference intervals: All (HUNT-FIT criteria). Table S46.
L-FMC% [%] reference intervals: All (HUNT-FIT criteria). Table S47. ADDPrerelease_Basal/
AEDVPrelease_Basal reference intervals: All (HUNT-FIT criteria). Table S48. L-FMC/AVPrer-
elease_Basal [1/cm/s] reference intervals: All (HUNT-FIT criteria). Table S49. pL-FMCyv refer-
ence intervals: All (HUNT-FIT criteria). Table S50. L-FMC%/WSS reference intervals: All
(HUNT-FIT criteria). Table S51. TVR [%] reference intervals: All (HUNT-FIT criteria).

Table S52. TVR [%] reference intervals: Female (HUNT-FIT criteria). Table S53. TVR [%] ref-
erence intervals: Male (HUNT-FIT criteria). Table S54. AVPeak_Basal [cm/s] reference inter-
vals: All (HUNT-FIT criteria). Table S55. AWSSPeak_Basal [dyn/cm2] reference intervals: All
(HUNT-FIT criteria). Table S56. AWSSPeak_Basal [dyn/cm2] reference intervals: Female
(HUNT-FIT criteria). Table S57. AWSSPeak_Basal [dyn/cm2] reference intervals: Male
(HUNT-FIT criteria). Table S58. ARIPeak_Basal reference intervals: All (HUNT-FIT criteria).
Table S59. ARIPeak_Basal reference intervals: Female (HUNT-FIT criteria). Table S60.
ARIPeak_Basal reference intervals: Male (HUNT-FIT criteria). Table S61. ARI%Peak_Basal
[%] reference intervals: All (HUNT-FIT criteria). Table S62. ARI%Peak_Basal [%] reference
intervals: Female. (HUNT-FIT criteria). Table S63. ARI%Peak_Basal [%] reference intervals:
Male (HUNT-FIT criteria).
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S2 File. Figure S1. Age-related profiles for vascular reactivity indexes: ‘European criteria.
Figure S2. Age-related profiles for vascular reactivity indexes: "HUNT.FIT criteria.
(DOCX)

Acknowledgments

We thank the adults, children and adolescents, and their families for their participation in the
study. To colleagues who integrated the CUiiDARTE Project in different stages, as part of their
final degree, master (M.Sc.) and/or doctoral (Ph.D.) projects.

Author Contributions

Conceptualization: Yanina Zdcalo, Daniel Bia.
Formal analysis: Yanina Zo6calo, Daniel Bia.
Funding acquisition: Yanina Zécalo, Daniel Bia.
Investigation: Yanina Zdcalo, Daniel Bia.
Methodology: Yanina Zécalo, Daniel Bia.

Project administration: Yanina Zdcalo, Daniel Bia.
Supervision: Yanina Zocalo, Daniel Bia.

Writing - original draft: Yanina Zdcalo, Daniel Bia.

Writing - review & editing: Yanina Zocalo, Daniel Bia.

References

1. Urbina EM, Williams RV, Alpert BS, Collins RT, Daniels SR, Hayman L, et al. Noninvasive assessment
of subclinical atherosclerosis in children and adolescents: recommendations for standard assessment
for clinical research: a scientific statement from the American Heart Association. Hypertension 2009;
54(5):919-50. https://doi.org/10.1161/HYPERTENSIONAHA.109.192639 PMID: 19729599

2. BiaD, Zécalo Y. Funcion endotelial y reactividad macro y microvascular: evaluacion no invasiva en la
préctica clinica Importancia clinica y analisis de las bases metodoldgicas de los equipos disponibles
para su evaluacion. Rev. Urug. Cardiol. 2014, 29(3):351-368.

3. Zdcalo Y, Marotta M, Garcia-Espinosa V, Curcio S, Chiesa P, Giachetto G, et al. Children and Adoles-
cents Macrovascular Reactivity Level and Dynamics, But Not the Microvascular Response, is Associ-
ated with Body Mass Index and Arterial Stiffness Levels. High Blood Press Cardiovasc Prev. 2017, 24
(4):371-386. https://doi.org/10.1007/s40292-017-0207-2 PMID: 28508133

4. Dhindsa M, Sommerlad SM, DeVan AE, Barnes JN, Sugawara J, Ley O, et al. Interrelationships among
noninvasive measures of postischemic macro- and microvascular reactivity. J Appl Physiol (1985).
2008, 105(2):427-32.

5. Hartley CJ, Tanaka H. Chapter 19: Assesment of Macro- and Microvascular Function and Reactivity. In:
Naghavi M. (eds) Asymptomatic Atherosclerosis. Contemporary Cardiology. Humana Press, Totowa,
NJ. 2010, pp: 265-275.

6. Rosenberry R, Trojacek D, Chung S, Cipher DJ, Nelson MD. Interindividual differences in the ischemic
stimulus and other technical considerations when assessing reactive hyperemia. Am J Physiol Regul
Integr Comp Physiol. 2019, 317(4):R530-R538. https://doi.org/10.1152/ajpregu.00157.2019 PMID:
31314545

7. PadillaJ, Johnson BD, Newcomer SC, Wilhite DP, Mickleborough TD, Fly AD, et al. Normalization of
flow-mediated dilation to shear stress area under the curve eliminates the impact of variable hyperemic
stimulus. Cardiovasc Ultrasound. 2008, 6,44. https://doi.org/10.1186/1476-7120-6-44 PMID:
18771594

8. Babcock MC, DuBose LE, Witten TL, Brubaker A, Stauffer BL, Hildreth KL, et al. Assessment of macro-
vascular and microvascular function in aging males. J Appl Physiol (1985). 2021, 130(1):96-103.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254869  July 19, 2021 41/45


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254869.s002
https://doi.org/10.1161/HYPERTENSIONAHA.109.192639
http://www.ncbi.nlm.nih.gov/pubmed/19729599
https://doi.org/10.1007/s40292-017-0207-2
http://www.ncbi.nlm.nih.gov/pubmed/28508133
https://doi.org/10.1152/ajpregu.00157.2019
http://www.ncbi.nlm.nih.gov/pubmed/31314545
https://doi.org/10.1186/1476-7120-6-44
http://www.ncbi.nlm.nih.gov/pubmed/18771594
https://doi.org/10.1371/journal.pone.0254869

PLOS ONE

Age- and sex-related profiles for macro, macro/micro and microvascular reactivity indexes (3-85y)

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Juonala M, Viikari JS, Laitinen T, Marniemi J, Helenius H, Ronnemaa T, et al. Interrelations between
brachial endothelial function and carotid intima-media thickness in young adults: the cardiovascular risk
in young Finns study. Circulation. 2004, 110(18):2918-23. https://doi.org/10.1161/01.CIR.
0000147540.88559.00 PMID: 15505080

Halcox JP, Donald AE, Ellins E, Witte DR, Shipley MJ, Brunner EJ, et al. Endothelial function predicts
progression of carotid intima-media thickness. Circulation. 2009, 119(7):1005—12. https://doi.org/10.
1161/CIRCULATIONAHA.108.765701 PMID: 19204308

Matsuzawa Y, Kwon TG, Lennon RJ, Lerman LO, Lerman A. Prognostic Value of Flow-Mediated Vaso-
dilation in Brachial Artery and Fingertip Artery for Cardiovascular Events: A Systematic Review and
Meta-Analysis. J Am Heart Assoc. 2015, 4(11):e002270. https://doi.org/10.1161/JAHA.115.002270
PMID: 26567372

Thijssen DHJ, Bruno RM, van Mil ACCM, Holder SM, Faita F, Greyling A, et al. Expert consensus and
evidence-based recommendations for the assessment of flow-mediated dilation in humans. Eur Heart
J. 2019, 40(30):2534—2547. https://doi.org/10.1093/eurheartj/ehz350 PMID: 31211361

Skaug EA, Aspenes ST, Oldervoll L, Magrkedal B, Vatten L, Wislgff U, et al. Age and gender differences
of endothelial function in 4739 healthy adults: the HUNT3 Fitness Study. Eur J Prev Cardiol. 2013; 20
(4):531-40. https://doi.org/10.1177/2047487312444234 PMID: 22456692

Herrington DM, Fan L, Drum M, Riley WA, Pusser BE, Crouse JR, et al. Brachial flow-mediated vasodi-
lator responses in population-based research: methods, reproducibility and effects of age, gender and
baseline diameter. J Cardiovasc Risk. 2001; 8(5):319-28. https://doi.org/10.1177/
174182670100800512 PMID: 11702039

Konigstein K, Wagner J, Frei M, Knaier R, Klenk C, Carrard J, et al. Endothelial function of healthy
adults from 20 to 91 years of age: prediction of cardiovascular risk by vasoactive range. J Hypertens.
2021 Jan 19. https://doi.org/10.1097/HJH.0000000000002798 PMID: 33470736

Maruhashi T, Kajikawa M, Kishimoto S, Hashimoto H, Takaeko Y, Yamaiji T, et al. Diagnostic criteria of
flow-mediated vasodilation for normal endothelial function and nitroglycerin-induced vasodilation for
normal vascular smooth muscle function of the brachial artery. J Am Heart Assoc. 2020; 9(2):e013915.
https://doi.org/10.1161/JAHA.119.013915 PMID: 31910779

Tomiyama H, Kohro T, Higashi Y, Takase B, Suzuki T, Ishizu T, et al. Reliability of measurement of
endothelial function across multiple institutions and establishment of reference values in Japanese. Ath-
erosclerosis. 2015; 242(2):433—42. https://doi.org/10.1016/j.atherosclerosis.2015.08.001 PMID:
26291496

Hopkins ND, Dengel DR, Stratton G, Kelly AS, Steinberger J, Zavala H, et al. Age and sex relationship
with flow-mediated dilation in healthy children and adolescents. J Appl Physiol (1985).2015; 119
(8):926—-933. https://doi.org/10.1152/japplphysiol.01113.2014 PMID: 26251515

Li AM, Celermajer DS, Chan MH, Sung RY, Woo KS. Reference range for brachial artery flow-mediated
dilation in healthy Chinese children and adolescents. Hong Kong Med J. 2018; 24 Suppl 3(3):36-38.
PMID: 29937445

Bia D, Zdcalo Y. Physiological Age- and Sex-Related Profiles for Local (Aortic) and Regional (Carotid-
Femoral, Carotid-Radial) Pulse Wave Velocity and Center-to-Periphery Stiffness Gradient, with and
without Blood Pressure Adjustments: Reference Intervals and Agreement between Methods in Healthy
Subjects (3—84 Years). J Cardiovasc Dev Dis. 2021; 8(1):ES3.

Castro JM, Garcia-Espinosa V, Zinoveev A, Marin M, Severi C, Chiesa P, et al. Arterial structural and
functional characteristics at end of early Ccildhood and beginning of adulthood: impact of body size gain
during early, intermediate, late and global growth. J Cardiovasc Dev Dis. 2019; 6(3):33.

Santana DB, Zécalo YA, Armentano RL. Integrated e-Health approach based on vascular ultrasound
and pulse wave analysis for asymptomatic atherosclerosis detection and cardiovascular risk stratifica-
tion in the community. IEEE Trans Inf Technol Biomed. 2012; 16(2):287-94. https://doi.org/10.1109/
TITB.2011.2169977 PMID: 22271835

Santana DB, Zécalo YA, Ventura IF, Arrosa JF, Florio L, Lluberas R, et al. Health informatics design for
assisted diagnosis of subclinical atherosclerosis, structural, and functional arterial age calculus and
patient-specific cardiovascular risk evaluation. IEEE Trans Inf Technol Biomed. 2012; 16(5):943-51.
https://doi.org/10.1109/TITB.2012.2190990 PMID: 22434819

Zinoveev A, Castro JM, Garcia-Espinosa V, Marin M, Chiesa P, Bia D, et al. Aortic pressure and forward
and backward wave components in children, adolescents and young-adults: Agreement between bra-
chial oscillometry, radial and carotid tonometry data and analysis of factors associated with their differ-
ences. PLoS One. 2019; 14(12): e0226709. https://doi.org/10.1371/journal.pone.0226709 PMID:
31856244

Zécalo Y, Garcia-Espinosa V, Castro JM, Zinoveev A, Marin M, Chiesa P, et al. Stroke volume and car-
diac output non-invasive monitoring based on brachial oscillometry-derived pulse contour analysis:

PLOS ONE | https://doi.org/10.1371/journal.pone.0254869  July 19, 2021 42/45


https://doi.org/10.1161/01.CIR.0000147540.88559.00
https://doi.org/10.1161/01.CIR.0000147540.88559.00
http://www.ncbi.nlm.nih.gov/pubmed/15505080
https://doi.org/10.1161/CIRCULATIONAHA.108.765701
https://doi.org/10.1161/CIRCULATIONAHA.108.765701
http://www.ncbi.nlm.nih.gov/pubmed/19204308
https://doi.org/10.1161/JAHA.115.002270
http://www.ncbi.nlm.nih.gov/pubmed/26567372
https://doi.org/10.1093/eurheartj/ehz350
http://www.ncbi.nlm.nih.gov/pubmed/31211361
https://doi.org/10.1177/2047487312444234
http://www.ncbi.nlm.nih.gov/pubmed/22456692
https://doi.org/10.1177/174182670100800512
https://doi.org/10.1177/174182670100800512
http://www.ncbi.nlm.nih.gov/pubmed/11702039
https://doi.org/10.1097/HJH.0000000000002798
http://www.ncbi.nlm.nih.gov/pubmed/33470736
https://doi.org/10.1161/JAHA.119.013915
http://www.ncbi.nlm.nih.gov/pubmed/31910779
https://doi.org/10.1016/j.atherosclerosis.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26291496
https://doi.org/10.1152/japplphysiol.01113.2014
http://www.ncbi.nlm.nih.gov/pubmed/26251515
http://www.ncbi.nlm.nih.gov/pubmed/29937445
https://doi.org/10.1109/TITB.2011.2169977
https://doi.org/10.1109/TITB.2011.2169977
http://www.ncbi.nlm.nih.gov/pubmed/22271835
https://doi.org/10.1109/TITB.2012.2190990
http://www.ncbi.nlm.nih.gov/pubmed/22434819
https://doi.org/10.1371/journal.pone.0226709
http://www.ncbi.nlm.nih.gov/pubmed/31856244
https://doi.org/10.1371/journal.pone.0254869

PLOS ONE

Age- and sex-related profiles for macro, macro/micro and microvascular reactivity indexes (3-85y)

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Explanatory variables and reference intervals throughout life (3—88 years). Cardiol J. 2020 Mar 24.
https://doi.org/10.5603/CJ.a2020.0031 PMID: 32207845

Zécalo Y, Bia D. Ultrasonografia carotidea para deteccion de placas de ateromay medicion del espesor
intima-media; indice tobillo-brazo: Evaluacién no invasivaen la practica clinica: Importancia clinica y
andlisis de las bases metodoldgicas para su evaluacién. Rev. Urug. Cardiol. 2016; 31:47-60.

Marin M, Bia D, Zécalo Y. Carotid and Femoral Atherosclerotic Plaques in Asymptomatic and Non-
Treated Subjects: Cardiovascular Risk Factors, 10-Years Risk Scores, and Lipid Ratios” Capability to
Detect Plaque Presence, Burden, Fibro-Lipid Composition and Geometry. J Cardiovasc Dev Dis. 2020;
7(1):11.

Craiem D, Chironi G, Simon A, Levenson J. New assessment of endothelium-dependent flow-mediated
vasodilation to characterize endothelium dysfunction. Am J Ther. 2008, 15(4):340—4. https://doi.org/10.
1097/MJT.0b013e318164c6f0 PMID: 18645337

Mitchell GF, Parise H, Vita JA, Larson MG, Warner E, Keaney JF, et al. Local shear stress and brachial
artery flow-mediated dilation: the Framingham Heart Study. Hypertension. 2004, 44(2):134-9. https://
doi.org/10.1161/01.HYP.0000137305.77635.68 PMID: 15249547

Celermajer DS, Sorensen KE, Gooch VM, Spiegelhalter DJ, Miller Ol, Sullivan ID, et al. Non-invasive
detection of endothelial dysfunction in children and adults at risk of atherosclerosis. Lancet. 1992, 340
(8828):1111-5. https://doi.org/10.1016/0140-6736(92)93147-f PMID: 1359209

van Bussel FC, van Bussel BC, Hoeks AP, Op 't Rood J, Henry RM, Ferreira |, et al. A control systems
approach to quantify wall shear stress normalization by flow-mediated dilation in the brachial artery.
PLoS One. 2015, 10(2):e0115977. https://doi.org/10.1371/journal.pone.0115977 PMID: 25693114

Torrado J, Farro |, Zécalo Y, Farro F, Sosa C, Scasso S, et al. Preeclampsia Is Associated with
Increased Central Aortic Pressure, Elastic Arteries Stiffness and Wave Reflections, and Resting and
Recruitable Endothelial Dysfunction. Int J Hypertens. 2015; 2015, 720683. https://doi.org/10.1155/
2015/720683 PMID: 26351578

Torrado J, Zécalo Y, Farro |, Farro F, Sosa C, Scasso S, et al. Normal Pregnancy Is Associated with
Changes in Central Hemodynamics and Enhanced Recruitable, but Not Resting, Endothelial Function.
Int J Reprod Med. 2015, 2015:250951. https://doi.org/10.1155/2015/250951 PMID: 26421317

Fernandes IA, Sales AR, Rocha NG, Silva BM, Vianna LC, da Nébrega AC. Preserved flow-mediated
dilation but delayed time-to-peak diameter in individuals with metabolic syndrome. Clin PhysiolFunct
Imaging. 2014, 34(4):270-6. https://doi.org/10.1111/cpf.12092 PMID: 24119214

Irace C, De Rosa S, Tripolino C, Ambrosio G, Covello C, Abramo E, et al. Delayed flow-mediated vaso-
dilation and critical coronary stenosis. J Investig Med. 2018, 66(5):1-7. https://doi.org/10.1136/jim-
2017-000644 PMID: 29550752

Irace C, Padilla J, Carallo C, Scavelli F, Gnasso A. Delayed vasodilation is associated with cardiovascu-
lar risk. Eur J Clin Invest. 2014, 44(6):549-56. https://doi.org/10.1111/eci.12268 PMID: 24738967

Pyke KE, Tschakovsky ME. Peak vs. total reactive hyperemia: which determines the magnitude of flow-
mediated dilation? J Appl Physiol (1985). 2007, 102(4):1510-9.

Gori T, Dragoni S, Lisi M. Conduit artery constriction mediated by low flow: a novel noninvasive method
for the assessment of vascular function. J Am Coll Cardiol. 2008; 51(20):1953-8. https://doi.org/10.
1016/j.jacc.2008.01.049 PMID: 18482663

Gori T, Grotti S, Dragoni S, Lisi M, Di Stolfo G, Sonnati S, et al. Assessment of vascular function: flow-
mediated constriction complements the information of flow-mediated dilatation. Heart. 2010, 96(2):
141-7. https://doi.org/10.1136/hrt.2009.167213 PMID: 19858140

Martins WP, Nastri CO, Ferriani RA, Filho FM. Brachial artery pulsatility index change 1 minute after 5-
minute forearm compression: comparison with flow-mediated dilatation. J Ultrasound Med. 2008, 27
(5):693-9. https://doi.org/10.7863/jum.2008.27.5.693 PMID: 18424643

Bossuyt J, Engelen L, Ferreira |, Stehouwer CD, Boutouyrie P, Laurent S, et al. Reference Values for
Arterial Measurements Collaboration. Reference values for local arterial stiffness. Part B: Femoral
artery. J. Hypertens. 2015, 33:1997-2009. https://doi.org/10.1097/HJH.0000000000000655 PMID:
26431186

Engelen L, Bossuyt J, Ferreira I, van Bortel LM, Reesink KD, Segers P, et al. Reference Values for Arte-
rial Measurements Collaboration. Reference values for local arterial stiffness. Part A: Carotid artery. J.
Hypertens. 2015, 33:1981-1996. https://doi.org/10.1097/HJH.0000000000000654 PMID: 26431185

Engelen L, Ferreira |, Stehouwer CD, Boutouyrie P, Laurent S. Reference Values for Arterial Measure-
ments Collaboration. Reference intervals for common carotid intima-media thickness measured with
echotracking: Relation with risk factors. Eur. Heart J. 2013, 34:2368—-2380. https://doi.org/10.1093/
eurheartj/ehs380 PMID: 23186808

PLOS ONE | https://doi.org/10.1371/journal.pone.0254869  July 19, 2021 43/45


https://doi.org/10.5603/CJ.a2020.0031
http://www.ncbi.nlm.nih.gov/pubmed/32207845
https://doi.org/10.1097/MJT.0b013e318164c6f0
https://doi.org/10.1097/MJT.0b013e318164c6f0
http://www.ncbi.nlm.nih.gov/pubmed/18645337
https://doi.org/10.1161/01.HYP.0000137305.77635.68
https://doi.org/10.1161/01.HYP.0000137305.77635.68
http://www.ncbi.nlm.nih.gov/pubmed/15249547
https://doi.org/10.1016/0140-6736%2892%2993147-f
http://www.ncbi.nlm.nih.gov/pubmed/1359209
https://doi.org/10.1371/journal.pone.0115977
http://www.ncbi.nlm.nih.gov/pubmed/25693114
https://doi.org/10.1155/2015/720683
https://doi.org/10.1155/2015/720683
http://www.ncbi.nlm.nih.gov/pubmed/26351578
https://doi.org/10.1155/2015/250951
http://www.ncbi.nlm.nih.gov/pubmed/26421317
https://doi.org/10.1111/cpf.12092
http://www.ncbi.nlm.nih.gov/pubmed/24119214
https://doi.org/10.1136/jim-2017-000644
https://doi.org/10.1136/jim-2017-000644
http://www.ncbi.nlm.nih.gov/pubmed/29550752
https://doi.org/10.1111/eci.12268
http://www.ncbi.nlm.nih.gov/pubmed/24738967
https://doi.org/10.1016/j.jacc.2008.01.049
https://doi.org/10.1016/j.jacc.2008.01.049
http://www.ncbi.nlm.nih.gov/pubmed/18482663
https://doi.org/10.1136/hrt.2009.167213
http://www.ncbi.nlm.nih.gov/pubmed/19858140
https://doi.org/10.7863/jum.2008.27.5.693
http://www.ncbi.nlm.nih.gov/pubmed/18424643
https://doi.org/10.1097/HJH.0000000000000655
http://www.ncbi.nlm.nih.gov/pubmed/26431186
https://doi.org/10.1097/HJH.0000000000000654
http://www.ncbi.nlm.nih.gov/pubmed/26431185
https://doi.org/10.1093/eurheartj/ehs380
https://doi.org/10.1093/eurheartj/ehs380
http://www.ncbi.nlm.nih.gov/pubmed/23186808
https://doi.org/10.1371/journal.pone.0254869

PLOS ONE

Age- and sex-related profiles for macro, macro/micro and microvascular reactivity indexes (3-85y)

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Herbert A, Cruickshank JK, Laurent S, Boutouyrie P. Reference Values for Arterial Measurements Col-
laboration. Establishing reference values for central blood pressure and its amplification in a general
healthy population and according to cardiovascular risk factors. Eur. Heart J. 2014, 35:3122-3133.
https://doi.org/10.1093/eurheartj/ehu293 PMID: 25112663

Royston P, Wright E. A method for estimating age-specific reference intervals (‘normal ranges’) based
on fractional polynomials and exponential transformation. J. R. Stat. Soc. Ser. A Stat. Soc. 1998; 161
(Part 1):79-101.

Diaz A, Zécalo Y, Bia D. Percentile curves for left ventricle structural, functional and haemodynamic
parameters obtained in healthy children and adolescents from echocardiography-derived data. J Echo-
cardiogr. 2020; 18(1):16—43. https://doi.org/10.1007/s12574-019-00425-0 PMID: 30927161

Diaz A, Bia D, Zécalo Y, Manterola H, Larrabide |, Lo Vercio L, et al. Carotid Intima Media Thickness
Reference Intervals for a Healthy Argentinean Population Aged 11-81 Years. Int J Hypertens. 2018;
2018:8086714. https://doi.org/10.1155/2018/8086714 PMID: 29992052

Diaz A, Zécalo Y, Bia D. Normal percentile curves for left atrial size in healthy children and adolescents.
Echocardiography. 2019; 36(4):770-782. https://doi.org/10.1111/echo.14286 PMID: 30801788

Bellera CA, Hanley JA. A method is presented to plan the required sample size when estimating regres-
sion-based reference limits. J Clin Epidemiol 2007; 60:610-615. https://doi.org/10.1016/j.jclinepi.2006.
09.004 PMID: 17493520

Lumley T, Diehr P, Emerson S, Chen L. The importance of the normality assumption in large public
health data sets. Annu Rev Public Health 2002; 23:151-69. https://doi.org/10.1146/annurev.publhealth.
23.100901.140546 PMID: 11910059

Hayes AF. Introduction to mediation, Moderation, and Conditional Proess Analysis (2nd Edition). http://
www.guilford.com/p/hayes3.2018.

Evans JD. Straightforward Statistics For the Behavioral Sciences. Brooks-Cole Publishing. Pacific
Grove, 7 CA, USA; 1996.

Jekell A, Kalani M, Kahan T. The interrelation of endothelial function and microvascular reactivity in dif-
ferent vascular beds, and risk assessment in hypertension: results from the Doxazosin-ramipril study.
Heart Vessels. 2019; 34(3):484—495. https://doi.org/10.1007/s00380-018-1265-7 PMID: 30244381

Hamburg NM, Palmisano J, Larson MG, Sullivan LM, Lehman BT, Vasan RS, et al. Relation of brachial
and digital measures of vascular function in the community: the Framingham heart study. Hypertension.
2011; 57(3):390-6. https://doi.org/10.1161/HYPERTENSIONAHA.110.160812 PMID: 21263120

Flammer AJ, Anderson T, Celermajer DS, Creager MA, Deanfield J, Ganz P, et al. The assessment of
endothelial function: from research into clinical practice. Circulation. 2012; 126(6):753-67. https://doi.
org/10.1161/CIRCULATIONAHA.112.093245 PMID: 22869857

Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure, function, and mechanisms. Circ
Res. 2007; 100(2):158-73. https://doi.org/10.1161/01.RES.0000255691.76142.4a PMID: 17272818

Maruhashi T, Nakashima A, Soga J, Fujimura N, Idei N, Mikami S, et al. Hyperuricemia is independently
associated with endothelial dysfunction in postmenopausal women but not in premenopausal women.
BMJ Open. 2013; 3(11): e003659. https://doi.org/10.1136/bmjopen-2013-003659 PMID: 24213096

Teragawa H, Kato M, Kurokawa J, Yamagata T, Matsuura H, Chayama K. Usefulness of flow-mediated
dilation of the brachial artery and/or the intima-media thickness of the carotid artery in predicting coro-
nary narrowing in patients suspected of having coronary artery disease. Am J Cardiol. 2001; 88
(10):1147-51. https://doi.org/10.1016/s0002-9149(01)02051-3 PMID: 11703961

Liu K, Cui R, Eshak ES, Cui M, Dong JY, Kiyama M, et al. Associations of central aortic pressure and
brachial blood pressure with flow mediated dilatation in apparently healthy Japanese men: The Circula-
tory Risk in Communities Study (CIRCS). Atherosclerosis. 2017; 259:46-50. https://doi.org/10.1016/j.
atherosclerosis.2017.02.024 PMID: 28285093

Neunteufl T, Katzenschlager R, Hassan A, Klaar U, Schwarzacher S, Glogar D, et al. Systemic endo-
thelial dysfunction is related to the extent and severity of coronary artery disease. Atherosclerosis.
1997; 129(1):111-8. https://doi.org/10.1016/s0021-9150(96)06018-2 PMID: 9069525

Jin W, Chowienczyk P, Alastruey J. An in silico simulation of flow-mediated dilation reveals that blood
pressure and other factors may influence the response independent of endothelial function. Am J Phy-
siol Heart Circ Physiol. 2020; 318(5):H1337-H1345. https://doi.org/10.1152/ajpheart.00703.2019
PMID: 32302493

Thijssen DHJ, van Bemmel MM, Bullens LM, Dawson EA, Hopkins ND, Tinken TM, et al. The impact of
baseline diameter on flow-mediated dilation differs in young and older humans. Am J Physiol Heart Circ
Physiol. 2008; 295(4):H1594-8. https://doi.org/10.1152/ajpheart.00669.2008 PMID: 18708443

Spiro JR, Digby JE, Ghimire G, Mason M, Mitchell AG, lIsley C, et al. Brachial artery low-flow-mediated
constriction is increased early after coronary intervention and reduces during recovery after acute

PLOS ONE | https://doi.org/10.1371/journal.pone.0254869  July 19, 2021 44/ 45


https://doi.org/10.1093/eurheartj/ehu293
http://www.ncbi.nlm.nih.gov/pubmed/25112663
https://doi.org/10.1007/s12574-019-00425-0
http://www.ncbi.nlm.nih.gov/pubmed/30927161
https://doi.org/10.1155/2018/8086714
http://www.ncbi.nlm.nih.gov/pubmed/29992052
https://doi.org/10.1111/echo.14286
http://www.ncbi.nlm.nih.gov/pubmed/30801788
https://doi.org/10.1016/j.jclinepi.2006.09.004
https://doi.org/10.1016/j.jclinepi.2006.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17493520
https://doi.org/10.1146/annurev.publhealth.23.100901.140546
https://doi.org/10.1146/annurev.publhealth.23.100901.140546
http://www.ncbi.nlm.nih.gov/pubmed/11910059
http://www.guilford.com/p/hayes3.2018
http://www.guilford.com/p/hayes3.2018
https://doi.org/10.1007/s00380-018-1265-7
http://www.ncbi.nlm.nih.gov/pubmed/30244381
https://doi.org/10.1161/HYPERTENSIONAHA.110.160812
http://www.ncbi.nlm.nih.gov/pubmed/21263120
https://doi.org/10.1161/CIRCULATIONAHA.112.093245
https://doi.org/10.1161/CIRCULATIONAHA.112.093245
http://www.ncbi.nlm.nih.gov/pubmed/22869857
https://doi.org/10.1161/01.RES.0000255691.76142.4a
http://www.ncbi.nlm.nih.gov/pubmed/17272818
https://doi.org/10.1136/bmjopen-2013-003659
http://www.ncbi.nlm.nih.gov/pubmed/24213096
https://doi.org/10.1016/s0002-9149%2801%2902051-3
http://www.ncbi.nlm.nih.gov/pubmed/11703961
https://doi.org/10.1016/j.atherosclerosis.2017.02.024
https://doi.org/10.1016/j.atherosclerosis.2017.02.024
http://www.ncbi.nlm.nih.gov/pubmed/28285093
https://doi.org/10.1016/s0021-9150%2896%2906018-2
http://www.ncbi.nlm.nih.gov/pubmed/9069525
https://doi.org/10.1152/ajpheart.00703.2019
http://www.ncbi.nlm.nih.gov/pubmed/32302493
https://doi.org/10.1152/ajpheart.00669.2008
http://www.ncbi.nlm.nih.gov/pubmed/18708443
https://doi.org/10.1371/journal.pone.0254869

PLOS ONE

Age- and sex-related profiles for macro, macro/micro and microvascular reactivity indexes (3-85y)

64.

65.

66.

67.

68.

69.

70.

71.

72.

coronary syndrome: characterization of a recently described index of vascular function. Eur Heart J.
2011, 32(7):856—66. https://doi.org/10.1093/eurheartj/ehq401 PMID: 21037253

Filitti V, Giral P, Simon A, Merli I, Del Pino M, Levenson J. Enhanced constriction of the peripheral large
artery in response to acute induction of a low-flow state in human hypercholesterolemia. Arterioscler
Thromb. 1991; 11(1):161-6. https://doi.org/10.1161/01.atv.11.1.161 PMID: 1987995

Weissgerber TL, Davies GA, Tschakovsky ME. Low flow-mediated constriction occurs in the radial but
not the brachial artery in healthy pregnant and nonpregnant women. J Appl Physiol (1985). 2010; 108
(5):1097-105.

Parker BA, Ridout SJ, Proctor DN. Age and flow-mediated dilation: a comparison of dilatory responsive-
ness in the brachial and popliteal arteries. Am J Physiol Heart Circ Physiol. 2006; 291(6):H3043-9.
https://doi.org/10.1152/ajpheart.00190.2006 PMID: 16861699

Dawson EA, Alkarmi A, Thijssen DH, Rathore S, Marsman DE, Cable NT, et al. Low-flow mediated con-
striction is endothelium-dependent: effects of exercise training after radial artery catheterization. Circ
Cardiovasc Interv. 2012; 5(5):713-9. https://doi.org/10.1161/CIRCINTERVENTIONS.112.971556
PMID: 23011264

Tremblay JC, Pyke KE. Flow-mediated dilation stimulated by sustained increases in shear stress: a
useful tool for assessing endothelial function in humans? Am J Physiol Heart Circ Physiol. 2018; 314
(3):H508-H520. https://doi.org/10.1152/ajpheart.00534.2017 PMID: 29167121

Celermajer DS, Sorensen KE, Bull C, Robinson J, Deanfield JE. Endothelium-dependent dilation in the
systemic arteries of asymptomatic subjects relates to coronary risk factors and their interaction. J Am
Coll Cardiol. 1994; 24(6):1468-74. https://doi.org/10.1016/0735-1097(94)90141-4 PMID: 7930277

Corretti MC, Plotnick GD, Vogel RA. The effects of age and gender on brachial artery endothelium-
dependent vasoactivity are stimulus-dependent. Clin Cardiol. 1995; 18(8):471-6. https://doi.org/10.
1002/clc.4960180810 PMID: 7586766

Uehata A, Lieberman EH, Gerhard MD, Anderson TJ, Ganz P, Polak JF., et al. Noninvasive assess-
ment of endothelium-dependent flow-mediated dilation of the brachial artery. Vasc Med. 1997; 2(2):87—
92. https://doi.org/10.1177/1358863X9700200203 PMID: 9546961

Skaug EA, Madssen E, Aspenes ST, Wislgff U, Ellingsen &. Cardiovascular risk factors have larger
impact on endothelial function in self-reported healthy women than men in the HUNT3 Fitness study.
PLoS One. 2014; 9(7):e101371. https://doi.org/10.1371/journal.pone.0101371 PMID: 24991924

PLOS ONE | https://doi.org/10.1371/journal.pone.0254869  July 19, 2021 45/ 45


https://doi.org/10.1093/eurheartj/ehq401
http://www.ncbi.nlm.nih.gov/pubmed/21037253
https://doi.org/10.1161/01.atv.11.1.161
http://www.ncbi.nlm.nih.gov/pubmed/1987995
https://doi.org/10.1152/ajpheart.00190.2006
http://www.ncbi.nlm.nih.gov/pubmed/16861699
https://doi.org/10.1161/CIRCINTERVENTIONS.112.971556
http://www.ncbi.nlm.nih.gov/pubmed/23011264
https://doi.org/10.1152/ajpheart.00534.2017
http://www.ncbi.nlm.nih.gov/pubmed/29167121
https://doi.org/10.1016/0735-1097%2894%2990141-4
http://www.ncbi.nlm.nih.gov/pubmed/7930277
https://doi.org/10.1002/clc.4960180810
https://doi.org/10.1002/clc.4960180810
http://www.ncbi.nlm.nih.gov/pubmed/7586766
https://doi.org/10.1177/1358863X9700200203
http://www.ncbi.nlm.nih.gov/pubmed/9546961
https://doi.org/10.1371/journal.pone.0101371
http://www.ncbi.nlm.nih.gov/pubmed/24991924
https://doi.org/10.1371/journal.pone.0254869

