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Abstract
Purpose Animal studies have shown that endothelial denudation abolishes vasodilation in response to increased shear stress.
Interestingly, shear-mediated dilation has been reported to be reduced, but not abolished, in coronary artery disease (CAD)
patients following catheterization. However, it is not known whether this resulted from a priori endothelial dysfunction in
this diseased population. In this study, we evaluated shear-mediated dilation following catheterization in healthy young men.
Methods Twenty-six (age: 24.4 ± 3.8 years, BMI: 24.3 ± 2.8 kg m−2, VO2peak: 50.5 ± 8.8 ml/kg/min) healthy males underwent
unilateral transradial catheterization. Shear-mediated dilation of both radial arteries was measured using flow-mediated dilation (FMD) pre-, and 7 days post-catheterization.
Results FMD was reduced in the catheterized arm [9.3 ± 4.1% to 4.3 ± 4.1% (P < 0.001)] post-catheterization, whereas no
change was observed in the control arm [8.4 ± 3.8% to 7.3 ± 3.8% (P = 0.168)]. FMD was completely abolished in the catheterized arm in five participants. Baseline diameter (P = 0.001) and peak diameter during FMD (P = 0.035) were increased in the
catheterized arm 7 days post-catheterization (baseline: 2.3 ± 0.3 to 2.6 ± 0.2 mm, P < 0.001, peak: 2.5 ± 0.3 to 2.7 ± 0.3 mm,
P = 0.001), with no change in the control arm (baseline: 2.3 ± 0.3 to 2.3 ± 0.3 mm, P = 0.288, peak: 2.5 ± 0.3 to 2.5 ± 0.3 mm,
P = 0.608).
Conclusion This is the first study in young healthy individuals with intact a priori endothelial function to provide evidence
of impaired shear-mediated dilation following catheterization. When combined with earlier studies in CAD patients, our
data suggest the catheterization impairs artery function in humans.
Keywords Catheterization-induced damage · Flow-mediated dilation · Healthy young males · Intact endothelium
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VO2peak	Peak volume of oxygen consumption
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Introduction
The endothelium plays a fundamental role in the regulation
of vascular tone (Sandoo et al. 2010; Green et al. 2017).
Previous studies performed in animals have demonstrated
that, following endothelial denudation, arteries no longer
respond to increased blood flow (Pohl et al. 1986) or exercise (Berdeaux et al. 1994), reflecting the critical role of
endothelial cells in the regulation of vascular tone in vivo.
However, Dawson et al. (2010a, b) showed depressed, but
not abolished, radial artery shear-mediated dilation following transradial catheterization in CAD patients (Dawson
et al. 2010a). This finding combined with studies showing that flow-mediated dilation (FMD) was not completely
abolished by endothelial nitric oxide synthase (eNOS)
inhibition (Stoner et al. 2012; Pyke et al. 2010; Green et al.
2014, 2011; Wray et al. 2013), or nitric oxide (NO) and
prostaglandin (PGs) double blockade (Thijssen et al. 2011;
Schrage et al. 2004), raises the question of whether other
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endothelium-dependent or -independent mechanisms may
contribute to the FMD response. To the best of our knowledge, no previous study has assessed FMD responses following endothelial damage/denudation in healthy humans.
In the current study, we aimed to assess radial artery
shear-mediated dilation following catheterization in young
trained males, in whom the endothelial layer is assumed to
be healthy and functional. FMD was used to assess shearmediated arterial responses in both radial arteries before,
and 7 days post-, catheterization. This time frame is clinically relevant, as it is common to begin exercise-based cardiac rehabilitation around 1 week post-catheterization. We
hypothesized that catheterization would impair endotheliummediated arterial dilation in response to a shear stress stimulus in these healthy men.

Methods
Participants
Thirty-one healthy young (< 35 years), trained males
(≥ 150 min of moderate-intensity or ≥ 75 min of highintensity exercise per week) with a BMI < 32 were recruited.
Participants were non-smokers and were free of cardiovascular disease (CVD), or CVD risk factors such as diabetes,
hypertension or hypercholesterolemia. None reported taking
medications or any drugs that would impact vascular function. Informed consent was gained from all participants prior
to the experimental procedures. The study conformed to the
Declaration of Helsinki, and ethical approval was obtained
from the Liverpool East NHS Research Ethics Committee
(18/NW/0428).

Study design
Participants attended the cardiovascular laboratory at Liverpool John Moores University on three occasions: (a) baseline, (b) catheterization and (c) follow-up. All experimental
procedures were conducted between 7 am and 1 pm, in a
quiet temperature-controlled room, and participants fasted
overnight and instructed to abstain from caffeine (> 8 h),
alcohol and vigorous exercise (> 24 h) before each visit, in
accordance with current guidelines (Thijssen et al. 2019).
During the baseline visit, radial artery (RA) shear-mediated
dilation was assessed in both arms using FMD. Following
FMD, peak oxygen consumption (VO2peak) during maximal graded exercise on a cycle ergometer (Lode Excalibur
Sport Cycle Ergometer, The Netherlands) was also assessed,
using a gas analysis system (MOXUS Metabolic Cart (AEI
Technology, USA) (Cocks and Wagenmakers 2016; Medbø
et al. 2012; Beltrami et al. 2014). Briefly, participants started
cycling at 60 W for 3 min; following this, the workload was
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increased by 35 W every 3 min until volitional fatigue.
VO2peak corresponds to the highest value achieved over a 15 s
recording period. At least 48 h following baseline, participants attended the catheterization trial, where a transradial
catheter was inserted into the participants’ RA (CATH arm).
Seven days following catheterization participants attended
the laboratory for the follow-up visit, where FMD was again
assessed in the catheterized arm, while the contralateral arm
was used as an internal control (CON arm).

Transradial catheterization
An 18–20-gauge catheter (0.9–1.2 mm diameter, 8–10 cm
length) (leadercath, Vygon, UK) was inserted into the right
RA (15.4% via left RA), under local anaesthesia (2-4 ml
Marcain Polyamp steripack 0.5%, Aspen), by a cardiologist.
Shortly after catheterization, two (5 participants) or four (21
participants) separate flexible J-shaped guide wires (paediatric J-wires, 0.46 mm, 40 cm length, Vygon, UK) were
advanced 3–4 cm beyond the tip of the catheter and run back
and forth to collect endothelial cells from the inside of the
RA, before being removed (Colombo et al. 2002; Feng et al.
1999). Catheters were removed at least 1 h after insertion
(1–4 h), and manual pressure was placed on the catheterized
area for approximately 10 min to stop the bleeding.

Bilateral radial FMD
Following at least 10 min of supine rest, blood pressure and
heart rate were measured using an automated sphygmomanometer (GE Pro 300V2, Dinamap, Tampa, FL, USA). RA
shear-mediated dilation was then measured in both arms
using FMD, as described previously (Dawson et al. 2010a).
Briefly, an optimal B-mode image of the RA was acquired,
using a 12-MHz multi-frequency linear array probe, attached
to a high-resolution ultrasound machine (T3000; Terason,
Burlington, MA) to image the RA 10–15 cm proximal to
the wrist. This section was above of the catheter. Relative diameter change, time to peak (following cuff release)
and shear rate area under the curve (SRAUC) were analysed by the same blinded observer, using custom-designed
edge-detection and wall-tracking software (Woodman et al.
2001; Thijssen et al. 2011, 2019). FMD was reported as
the maximum percentage change in artery diameter from
baseline to peak when the cuff was released, as described
in detail previously (Thijssen et al. 2011, 2019). The same
ultrasounds and sonographers were used between visits, and
within participants.

Statistical analysis
All analyses were performed using IBM SPSS statistics for
Windows, version 25.0. Armonk, NY: IBM Corp. Allometric
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scaling was performed to control for differences in baseline
diameter (Atkinson and Batterham 2013), and a linear mixed
model with covariate control for scaled baseline diameter
and SRAUC was used to determine the main effect of time
and arm. A linear mixed model was also used to analyse
the differences in baseline diameter, peak diameter, time to
peak, SRAUC, and mean blood flow area under the curve
(AUC) during FMD. Pairwise comparisons were performed
when significant main or interaction effects were detected,
using Fisher’s least significant difference (LSD) test. Pearson correlation analysis was used to determine relations
of interest. Paired t tests were used to assess differences in
haemodynamic parameters, pre- and post-catheterization.
Results are presented as mean ± SD, and significance was
set at P ≤ 0.05.

Results
Twenty-six participants (age: 24.4 ± 3.8 years, body mass
index (BMI): 24.3 ± 2.8 kg m−2) completed all three experimental visits. All participants completed at least ≥ 150 min
of moderate-intensity or ≥ 75 min of high-intensity exercise per week. Mean peak oxygen consumption (VO2peak)
was 50.5 ± 8.8 ml/kg/min. Out of 104 FMD scans (2 arms,
pre- and post-catheterization, 26 participants), 3 scans were
excluded from further analysis (2 temporary radial artery
spasm in the catheterized artery, 1 poor-quality scan).

Effects of catheterization on radial FMD
There was no significant difference in FMD between arms,
pre-catheterization (P = 0.303). There was a significant
interaction (time × arm) for FMD, after controlling for
baseline diameter (P = 0.004) (Fig. 1), SRAUC (P = 0.003)
and both covariates (P = 0.01). However, baseline diameter
and SRAUC were not significant covariates in this model,
P = 0.064 and P = 0.122, respectively. There was also a main
effect for time (P = 0.02), arm (P < 0.0001) and intervention
(A)

Flow-mediated dilation (FMD %)

Fig. 1  Flow-mediated dilation
(FMD %) in the catheterized
(CATH) and contralateral
(CON) radial arteries, pre- and
7 days post-catheterization
(Post). Individual responses (a)
and summary data, presented as
mean ± SD, n = 26 (b). A mixed
linear model (arm × time)
with Fisher’s least significant
difference post hoc for pairwise
comparisons was used. *Significantly different from the
catheterized arm pre (P < 0.05)

(time × arm, P = 0.001), when peak FMD% was assessed
without allometric scaling. Post hoc assessment revealed that
there was a significant reduction in FMD in the catheterized arm pre- to 7 days post-catheterization (9.3 ± 4.1% to
4.3 ± 4.1%; P < 0.001). FMD was completely abolished in 5,
and was < 1% in a further 2, of the 26 participants. In contrast, there was no significant change in FMD in the control
arm (8.4 ± 3.8% to 7.3 ± 3.8%; P = 0.168). Finally, SRAUC
(time × arm P = 0.189), time to peak (time × arm P = 0.664)
and mean blood flow AUC (time × arm P = 0.949) were
not different between arms or pre- to post-catheterization
(Table 1).
To isolate the magnitude of local FMD change as a
result of catheterization, we calculated the FMD change
in the catheterized arm (pre- to post-catheterization), then
subtracted the change in FMD in the control arm (pre- to
post-catheterization) (Fig. 2a). Figure 2b indicates FMD%
change in each arm, in all individuals. In keeping with the
data above, there was a significant reduction in FMD (> 5%)
as a result of catheterization in 9 out of 23 participants. This
FMD change was not correlated with the baseline diameter
in the catheterized artery prior to catheterization (r = 0.300,
P = 0.164), or with participants’ age (r = 0.217, P = 0.320),
or BMI (r = − 0.244, P = 0.263), or VO 2peak (r = 0.344,
P = 0.108). Catheters with external diameter of 0.9 mm and
1.2 mm were used in 16 and 7 participants, respectively.
There was no impact of catheter size on FMD change following catheterization (r = − 0.179, P = 0.413). Arteryto-sheath ratio (arterial diameter/external diameter of the
catheter) was not associated with FMD change following
catheterization (r = 0.291, P = 0.177). In addition, FMD
change was not associated with the number or J wires used
(2 or 4) (r = − 0.316, P = 0.142) or the duration of catheterization (r = 0.104, P = 0.634).

Effects of catheterization on arterial diameter
There was a significant interaction effect (time × arm) for
baseline diameter (P = 0.001) (Table 1), demonstrating an
(B)
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Table 1  Baseline dimeter,
peak diameter, time to peak,
shear rate area under the curve
(SRAUC) and mean blood flow
area under the curve (AUC)
before (pre) and at 7 days postcatheterization (post), in the
catheterized (CATH) arm and
the contralateral (CON) arm

CATH arm
Pre
Baseline diameter (mm)
Peak diameter (mm)
Time to peak (s)
SRAUC (s−1 103)
Mean AUC flow

CON arm
Post

2.32 ± 0.28
2.54 ± 0.32
58 ± 28
32.9 ± 17.5
88.6 ± 53.4

Pre

Post

2.26 ± 0.23
2.46 ± 0.26
55 ± 25
27.2 ± 14.6
69.9 ± 46.5

2.32 ± 0.25†
2.49 ± 0.28†
56 ± 27
28.7 ± 17.4
76.6 ± 56.1

*

2.62 ± 0.28
2.72 ± 0.31*
66 ± 39
27.4 ± 17.8
94.3 ± 62.9

Results are presented as mean ± SD, n = 26. A mixed-linear model (arm × time) with Fisher’s least significant difference post hoc for pairwise comparisons was used
*Significantly different from pre- catheterization (P < 0.05)

†

(A)

Significantly different from CATH arm post-catheterization (P < 0.05)
Table 2  Resting haemodynamic measurements pre-catheterization
(pre) and 7 days post-catheterization (post)

FMD change (%)

15.0
10.0
5.0

SBP (mmHg)
DBP (mmHg)
MAP (mmHg)
HR (beats per min)

0.0
-5.0

FMD change (%)

P value

116 ± 9
63 ± 7
79 ± 13
61 ± 6

113 ± 7
60 ± 6
77 ± 12
62 ± 5

0.220
0.161
0.089
0.435

SBP systolic blood pressure, DBP diastolic blood pressure, MAP
mean blood pressure, HR heart rate

effect (time × arm) was shown for peak diameter, as assessed
during FMD (P = 0.035) (Table 1). When pairwise comparisons were performed, peak diameter in the catheterized arm
was higher 7 days following catheterization compared to
pre-catheterization (P = 0.001) or in the contralateral control arm (P < 0.001), whereas no change in peak diameter
was reported in the control arm pre- to post-catheterization
(P = 0.608).

15.0
10.0
5.0
0.0
-5.0

Haemodynamic measurements

-10.0
-15.0

CATH arm

CON arm

Fig. 2  a Flow-mediated dilation (FMD %) change in the catheterized
arm, pre- to post-catheterization, after accounting for change in the
control arm, pre- vs post-catheterization. b Individual FMD % change
of each catheterized (CATH) and control (CON) arm (n = 23)

increase in baseline diameter in the catheterized arm 7 days
post-catheterization, when compared with pre-catheterization (P < 0.001) or when compared to the contralateral
control arm 7 days post-catheterization (P < 0.001). There
was no change in the control arm pre- to 7 days post-catheterization (P = 0.288). In addition, a significant interaction
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Post

Results are presented as mean ± SD, n = 26

-10.0
-15.0

(B)

Pre

There was no change in systolic blood pressure, diastolic
blood pressure, mean arterial pressure or heart rate from
baseline to follow-up (P > 0.05). Data are reported in
Table 2.

Discussion
The aim of this study was to determine the impact of radial
artery catheterization on shear-mediated dilation in healthy,
young trained males with preserved a priori endothelial
function. We demonstrated that catheterization increased
baseline diameter and impaired shear-mediated dilation
in the catheterized RA. Indeed, shear-mediated dilation
was abolished in almost one-fifth of participants following
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catheterization. Neither baseline diameter, age, BMI, fitness
level (VO2peak), catheter size, artery-to-sheath ratio, duration of catheterization or number of J wires predicted FMD
impairment in the catheterized RA.
Although the critical role of the endothelium in the regulation of vascular tone has been studied previously, such
information is from either animal models (Berdeaux et al.
1994; Pohl et al. 1986) or patients undergoing transradial
catheterization for coronary angiography and/or angioplasty
(Mitchell et al. 2017; Burstein et al. 2007; Dawson et al.
2010a, b; Tryfonos et al. 2020). In the latter case, endothelial
dysfunction is likely to be apparent prior to catheterization
(Neunteufl et al. 1997). To our knowledge, this is the first
study providing direct evidence of impaired shear-mediated
dilation following catheterization in young healthy trained
individuals with an optimally functioning endothelial layer a
priori. Interestingly, we observed completely abolished FMD
in one-fifth of our healthy participants following catheterization. The magnitude of impairment (complete abolition vs
partial impairment) may be due to several factors. The external diameter of the catheter sheaths used in this study were
0.9 or 1.2 mm and, although mean pre-procedure internal
radial artery diameter was ~ 2.3 mm, this ranged from 1.7
to 2.9 mm. J-shaped guidewires used to harvest endothelial
cells were the same in all participants, but some subjects had
four J wires (n = 21) and others two J wires (n = 5). Despite
the fact that these factors did not impact the FMD results
statistically, we cannot entirely rule out the possibility of
some impact.
Our data from young trained individuals essentially support animal studies of endothelial denudation, in which
balloon inflation or catheterization abolished FMD (Pohl
et al. 1986; Berdeaux et al. 1994). We previously reported
reduced FMD in CAD patients, with a similar degree of
FMD impairment, on average, as that observed in the current study. Nevertheless, none of our previous CAD patients
exhibited complete abolition of the FMD response 24 h post
catheterization, despite the use of larger catheters (n = 13)
in those subjects (Dawson et al. 2010a). Recently published
data from our group further support the notion that FMD is
impaired, but not abolished, in CAD patients (n = 33) 7 days
post-denudation (Tryfonos et al. 2020). In the current study,
J-shaped wires (external diameter 3 mm) were used in addition to catheters (Tryfonos et al. 2020), which may explain
some of the differences between studies. It is also possible
that healthy subjects and those with CAD possess endothelial cells that are differentially regulated. Indeed, we previously speculated that the presence of dilation following catheterization may suggest that a presence of a shear-mediated
but endothelium-independent mechanism (Dawson et al.
2010a). In support of this hypothesis, a review by Green
et al. (2014) suggested that the contribution of nitric oxide
(NO) to FMD may be smaller in CVD patients, compared
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to healthy individuals (Green et al. 2014). Oxidative stress
and inflammation increase post-endothelial denudation
(Berg et al. 2004) and may remain elevated for 1–15 days
(Gong et al. 1996; Szocs et al. 2002; Nunes et al. 1997;
Azevedo et al. 2000). Such pathways may also contribute
to differential impacts on post-catheterization responsiveness in healthy versus diseased arteries. We did not assess
specific molecular pathways (or smooth muscle function)
in the present study, but future experiments could focus on
individual pathways within the vessel wall to elucidate the
mechanisms of shear-mediated dilation.
Baseline diameter was higher in the catheterized artery
7 days post-catheterization compared to pre-catheterization,
while no change was observed in the control artery, supporting the suggestion that catheter impacts were unilateral in
nature. Interestingly, we found that peak diameter during
FMD, in addition to baseline diameter, was elevated following catheterization. Earlier studies investigating the influence of catheterization in CAD patients have only reported
increased baseline diameter, with no effect on peak diameter
(Dawson et al. 2010a, 2010b; Mitchell et al. 2017; Burstein
et al. 2007; Tryfonos et al. 2020). Consequently, it is unclear
whether elevated peak diameter occurs in all populations
or is present only in young trained individuals as an advantage of healthier arteries. It is important to reiterate that
our findings pertaining to FMD impairment were assessed
after allowing for changes in baseline diameter induced by
catheterization.
To isolate the local effect of catheterization in the shearmediated dilation, we calculated the FMD change in the
catheterized artery pre–post catheterization and subtracted
this from the similarly calculated FMD change in the noncatheterized artery. This approach normalizes for any systematic variability and allowed us to further explore factors
that may contribute to FMD impairment following catheterization. Except for six participants whose shear-mediated
dilation appeared to not be greatly affected by catheterization, there was a pronounced reduction in FMD response
in the catheterized artery following endothelial disruption.
Indeed, almost half of the participants (9 out of 23) reported
a significant reduction in FMD (> 5%), after normalizing
data from the systemic variability. This further supports the
localized nature of the impact of catheterization on FMD in
young healthy well-trained individuals.
Although smaller RA baseline diameter prior to catheterization has been associated with increased radial artery
occlusion risk (Rashid et al. 2016), and a larger magnitude
of endothelial dysfunction (i.e. lower radial artery FMD)
(Heiss et al. 2009) following PTCA and/or PCI, our data
revealed no association between baseline diameter and FMD
impairment post-catheterization. In addition, neither catheter
size nor artery-to-sheath ratio appeared to result in greater
FMD impairment following catheterization. Importantly, in
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the present study, the baseline arterial diameter (~ 2.3 mm)
was larger than the sheath external diameter (0.9–1.2 mm)
in all participants, which could explain the absence of correlations between baseline diameter, catheter size and arteryto-sheath ratio with FMD impairment. Indeed, Saito et al.
(1999) observed greater flow reduction in the radial artery
in patients with artery-to-sheath ratio < 1, compared to those
with artery-to-sheath ratio > 1 (Saito et al. 1999). Given the
importance of artery-to-sheath ratio to endothelial dysfunction related to catheterization, it could be hypothesized that
transfemoral catheterization might result in lesser degrees
of arterial damage. However, femoral site catheterization
has been associated with impaired brachial FMD (Kitta
et al. 2005; Patti et al. 2005), indicating a possible systemic
impact on endothelial dysfunction. Transradial catheterization is superior in safety, cost and vascular complications
compared to femoral approach (Anjum et al. 2017) and has
become more popular in recent years. Although our findings
revealed no correlation between FMD impairment and age,
BMI, or fitness level, the lack of association in our study
may be explained by the relatively small sample size and
narrow range of subjects across these variables.
From a clinical perspective, it has been hypothesized that
optimizing the function and size of arteries prior to catheterization may limit the impact of transradial catheterization
and improve arterial health post-procedure. As such, preoperative exercise-based rehabilitation has been suggested
prior to transradial catheterization (Alkarmi et al. 2010),
due to the well-established benefits of exercise training on
arterial function and outward remodelling (Hambrecht et al.
2004; Green et al. 2017; Dawson et al. 2012; Conraads et al.
2015). Although our current data in fit healthy young subjects indicate that preoperative exercise-based rehabilitation
is unlikely to fully negate the impact of catheterization on
arterial function, the well-established benefits of exercise
training on artery function, structure and health should not
be discounted (Green et al. 2017).
This study had a number of limitations. We recruited
young healthy males, and given the effect of oestrogen on
endothelial function, we should be cautious to generalize our
results in females. In addition, we did not control for age,
BMI, VO2peak, catheter size, artery-to-sheath ratio, duration
of catheterization and the number of J-shaped wires used.
However, we performed Pearson correlations between the
FMD change and the aforementioned factors, with no associations revealed. In addition, we did not infuse vasodilators during the catheterization. Given that this is a common
practice in transradial catheterization in patients to increase
the arterial diameter and eliminate vascular complications,
it is likely to affect our outcomes. However, artery-to-sheath
ratio was always over 1 and neither artery-to-sheath ratio
nor baseline diameter appeared to associate with FMD
impairment; therefore, it is unclear whether larger arterial
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size induced by vasodilators would significantly affect our
results, indicating reduced endothelial-dependent dilation 7
days post-catheterization. Finally, we did not evaluate the
function of vascular smooth muscle cells (endotheliumindependent function) and cannot comment on the relative
impact on the endothelium versus vascular smooth muscle.
This study provides novel information indicating that
shear-mediated dilation in young healthy trained individuals is impaired, and in one-fifth of participants abolished,
as a result of transradial catheterization. Neither baseline
diameter, age, BMI, fitness level, nor catheter size, arteryto-sheath ratio, duration of catheterization or number of
J wires used were associated with FMD reduction in this
experiment. When combined with earlier studies in CAD
patients (Dawson et al. 2010a, 2010b; Mitchell et al. 2017;
Burstein et al. 2007; Tryfonos et al. 2020), in whom FMD
was impaired but not abolished, our data suggests that the
impact of catheterization on artery function and FMD may
differ between healthy, well-trained individuals and those
with a priori endothelial dysfunction. Future studies should
examine whether improved endothelial function and greater
arterial size (i.e. preoperative cardiac rehabilitation) may
decrease endothelial damage following catheterization and
address specific mechanisms that are affected by catheterization, including endothelium-dependent and possibly -independent shear-mediated pathways.
Acknowledgements We would like to thank James Shelley for his help
during the data collection.
Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by AT, ED, MC and DR. The first draft of the manuscript
was written by AT and all authors commented on previous versions of
the manuscript. All authors read and approved the final manuscript.
Funding Prof. Green is funded by the National Health and Medical Research Council of Australia Principal Research Fellowship
(1080914).
Data availability The datasets generated during and/or analysed during the current study are available from the corresponding author on
reasonable request.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Ethics approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Liverpool
East NHS Research Ethics Committee (18/NW/0428).
Consent to participate Informed consent was obtained from all individual participants included in the study.
Consent to publish Participants signed informed consent regarding
publishing their data.

European Journal of Applied Physiology (2020) 120:2525–2532
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
Alkarmi A, Thijssen DH, Albouaini K, Cable NT, Wright DJ, Green
DJ, Dawson EA (2010) Arterial prehabilitation: can exercise
induce changes in artery size and function that decrease complications of catheterization? Sports Med 40(6):481–492. https
://doi.org/10.2165/11531950-000000000-00000
Anjum I, Khan MA, Aadil M, Faraz A, Farooqui M, Hashmi A
(2017) Transradial vs. transfemoral approach in cardiac catheterization: a literature review. Cureus 9(6):e1309–e1309. https
://doi.org/10.7759/cureus.1309
Atkinson G, Batterham AM (2013) Allometric scaling of diameter
change in the original flow-mediated dilation protocol. Atherosclerosis 226(2):425–427. https://doi.org/10.1016/j.atheroscle
rosis.2012.11.027
Azevedo LC, Pedro MA, Souza LC, de Souza HP, Janiszewski M,
da Luz PL, Laurindo FR (2000) Oxidative stress as a signaling
mechanism of the vascular response to injury: the redox hypothesis of restenosis. Cardiovasc Res 47(3):436–445
Beltrami FG, Froyd C, Mamen A, Noakes TD (2014) The validity
of the Moxus Modular metabolic system during incremental
exercise tests: impacts on detection of small changes in oxygen
consumption. Eur J Appl Physiol 114(5):941–950. https://doi.
org/10.1007/s00421-014-2825-x
Berdeaux A, Ghaleh B, Dubois-Rande JL, Vigue B, Drieu La
Rochelle C, Hittinger L, Giudicelli JF (1994) Role of vascular
endothelium in exercise-induced dilation of large epicardial coronary arteries in conscious dogs. Circulation 89(6):2799–2808
Berg K, Wiseth R, Bjerve K, Brurok H, Gunnes S, Skarra S, Jynge P,
Basu S (2004) Oxidative stress and myocardial damage during
elective percutaneous coronary interventions and coronary angiography. A comparison of blood-borne isoprostane and troponin
release. Free Radic Res 38(5):517–525
Burstein JM, Gidrewicz D, Hutchison SJ, Holmes K, Jolly S, Cantor WJ (2007) Impact of radial artery cannulation for coronary angiography and angioplasty on radial artery function.
Am J Cardiol 99(4):457–459. https://doi.org/10.1016/j.amjca
rd.2006.08.055
Cocks M, Wagenmakers AJ (2016) The effect of different training
modes on skeletal muscle microvascular density and endothelial
enzymes controlling NO availability. J Physiol 594(8):2245–
2257. https://doi.org/10.1113/jp270329
Colombo PC, Ashton AW, Celaj S, Talreja A, Banchs JE, Dubois NB,
Marinaccio M, Malla S, Lachmann J, Ware JA, Le Jemtel TH
(2002) Biopsy coupled to quantitative immunofluorescence: a
new method to study the human vascular endothelium. J Appl
Physiol (1985) 92(3):1331–1338. https://doi.org/10.1152/jappl
physiol.00680.2001
Conraads VM, Pattyn N, De Maeyer C, Beckers PJ, Coeckelberghs
E, Cornelissen VA, Denollet J, Frederix G, Goetschalckx K,
Hoymans VY, Possemiers N, Schepers D, Shivalkar B, Voigt

2531
JU, Van Craenenbroeck EM, Vanhees L (2015) Aerobic interval training and continuous training equally improve aerobic
exercise capacity in patients with coronary artery disease: the
SAINTEX-CAD study. Int J Cardiol 179:203–210. https://doi.
org/10.1016/j.ijcard.2014.10.155
Dawson EA, Rathore S, Cable NT, Wright DJ, Morris JL, Green DJ
(2010a) Impact of catheter insertion using the radial approach
on vasodilatation in humans. Clin Sci (Lond) 118(10):633–640.
https://doi.org/10.1042/cs20090548
Dawson EA, Rathore S, Cable NT, Wright DJ, Morris JL, Green
DJ (2010b) Impact of introducer sheath coating on endothelial
function in humans after transradial coronary procedures. Circ
Cardiovasc Interv 3(2):148–156. https://doi.org/10.1161/circi
nterventions.109.912022
Dawson EA, Alkarmi A, Thijssen DH, Rathore S, Marsman DE,
Cable NT, Wright DJ, Green DJ (2012) Low-flow mediated
constriction is endothelium-dependent: effects of exercise
training after radial artery catheterization. Circ Cardiovasc
Interv 5(5):713–719. https: //doi.org/10.1161/circin terve ntio
ns.112.971556
Feng L, Stern DM, Pile-Spellman J (1999) Human endothelium: endovascular biopsy and molecular analysis. Radiology 212(3):655–
664. https://doi.org/10.1148/radiology.212.3.r99au28655
Gong KW, Zhu GY, Wang LH, Tang CS (1996) Effect of active oxygen
species on intimal proliferation in rat aorta after arterial injury. J
Vasc Res 33(1):42–46
Green DJ, Spence A, Halliwill JR, Cable NT, Thijssen DH (2011) Exercise and vascular adaptation in asymptomatic humans. Exp Physiol 96(2):57–70. https://doi.org/10.1113/expphysiol.2009.048694
Green DJ, Dawson EA, Groenewoud HM, Jones H, Thijssen DH (2014)
Is flow-mediated dilation nitric oxide mediated? A meta-analysis.
Hypertension 63(2):376–382. https://doi.org/10.1161/hypertensi
onaha.113.02044
Green DJ, Hopman MT, Padilla J, Laughlin MH, Thijssen DH (2017)
Vascular adaptation to exercise in humans: role of hemodynamic
stimuli. Physiol Rev 97(2):495–528. https: //doi.org/10.1152/physr
ev.00014.2016
Hambrecht R, Walther C, Mobius-Winkler S, Gielen S, Linke A, Conradi K, Erbs S, Kluge R, Kendziorra K, Sabri O, Sick P, Schuler
G (2004) Percutaneous coronary angioplasty compared with
exercise training in patients with stable coronary artery disease:
a randomized trial. Circulation 109(11):1371–1378. https://doi.
org/10.1161/01.cir.0000121360.31954.1f
Heiss C, Balzer J, Hauffe T, Hamada S, Stegemann E, Koeppel T,
Merx MW, Rassaf T, Kelm M, Lauer T (2009) Vascular dysfunction of brachial artery after transradial access for coronary
catheterization: impact of smoking and catheter changes. JACC
Cardiovasc Interv 2(11):1067–1073. https://doi.org/10.1016/j.
jcin.2009.09.010
Kitta Y, Nakamura T, Kodama Y, Takano H, Umetani K, Fujioka D,
Saito Y, Kawabata K, Obata JE, Ichigi Y, Mende A, Kugiyama K
(2005) Endothelial vasomotor dysfunction in the brachial artery
is associated with late in-stent coronary restenosis. J Am Coll
Cardiol 46(4):648–655. https: //doi.org/10.1016/j.jacc.2005.04.055
Medbø JI, Mamen A, Beltrami FG (2012) Examination of the Moxus
Modular Metabolic System by the Douglas-bag technique. Appl
Physiol Nutr Metab 37(5):860–871. https: //doi.org/10.1139/h2012
-056
Mitchell A, Fujisawa T, Mills NL, Brittan M, Newby DE, Cruden NLM
(2017) Endothelial progenitor cell biology and vascular recovery
following transradial cardiac catheterization. J Am Heart Assoc.
https://doi.org/10.1161/jaha.117.006610
Neunteufl T, Katzenschlager R, Hassan A, Klaar U, Schwarzacher S,
Glogar D, Bauer P, Weidinger F (1997) Systemic endothelial dysfunction is related to the extent and severity of coronary artery
disease. Atherosclerosis 129(1):111–118

13

2532
Nunes GL, Robinson K, Kalynych A, King SB 3rd, Sgoutas DS, Berk
BC (1997) Vitamins C and E inhibit O2—production in the pig
coronary artery. Circulation 96(10):3593–3601
Patti G, Pasceri V, Melfi R, Goffredo C, Chello M, D’Ambrosio A,
Montesanti R, Di Sciascio G (2005) Impaired flow-mediated
dilation and risk of restenosis in patients undergoing coronary stent implantation. Circulation 111(1):70–75. https://doi.
org/10.1161/01.cir.0000151308.06673.d2
Pohl U, Holtz J, Busse R, Bassenge E (1986) Crucial role of endothelium in the vasodilator response to increased flow in vivo. Hypertension 8(1):37–44
Pyke K, Green DJ, Weisbrod C, Best M, Dembo L, O’Driscoll G,
Tschakovsky M (2010) Nitric oxide is not obligatory for radial
artery flow-mediated dilation following release of 5 or 10 min distal occlusion. Am J Physiol Heart Circ Physiol 298(1):H119–126.
https://doi.org/10.1152/ajpheart.00571.2009
Rashid M, Kwok CS, Pancholy S, Chugh S, Kedev SA, Bernat I, Ratib
K, Large A, Fraser D, Nolan J, Mamas MA (2016) Radial artery
occlusion after transradial interventions: a systematic review
and meta-analysis. J Am Heart Assoc. https://doi.org/10.1161/
jaha.115.002686
Saito S, Ikei H, Hosokawa G, Tanaka S (1999) Influence of the ratio
between radial artery inner diameter and sheath outer diameter on
radial artery flow after transradial coronary intervention. Catheter Cardiovasc Interv 46(2):173–178. https://doi.org/10.1002/
(sici)1522-726x(199902)46:2<173:Aid-ccd12>3.0.Co;2-4
Sandoo A, van Zanten JJ, Metsios GS, Carroll D, Kitas GD (2010) The
endothelium and its role in regulating vascular tone. Open Cardiovasc Med J 4:302–312. https://doi.org/10.2174/1874192401
004010302
Schrage WG, Joyner MJ, Dinenno FA (2004) Local inhibition of nitric
oxide and prostaglandins independently reduces forearm exercise
hyperaemia in humans. J Physiol 557(Pt 2):599–611. https://doi.
org/10.1113/jphysiol.2004.061283
Stoner L, Young JM, Fryer S, Sabatier MJ (2012) The importance of
velocity acceleration to flow-mediated dilation. Int J Vasc Med
2012:589213–589213. https://doi.org/10.1155/2012/589213

13

European Journal of Applied Physiology (2020) 120:2525–2532
Szocs K, Lassegue B, Sorescu D, Hilenski LL, Valppu L, Couse TL,
Wilcox JN, Quinn MT, Lambeth JD, Griendling KK (2002)
Upregulation of Nox-based NAD(P)H oxidases in restenosis after
carotid injury. Arterioscler Thromb Vasc Biol 22(1):21–27
Thijssen DH, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA,
Parker B, Widlansky ME, Tschakovsky ME, Green DJ (2011)
Assessment of flow-mediated dilation in humans: a methodological and physiological guideline. Am J Physiol Heart Circ Physiol
300(1):H2–12. https://doi.org/10.1152/ajpheart.00471.2010
Thijssen DHJ, Bruno RM, van Mil A, Holder SM, Faita F, Greyling A,
Zock PL, Taddei S, Deanfield JE, Luscher T, Green DJ, Ghiadoni
L (2019) Expert consensus and evidence-based recommendations
for the assessment of flow-mediated dilation in humans. Eur Heart
J. https://doi.org/10.1093/eurheartj/ehz350
Tryfonos A, Cocks M, Mills J, Green DJ, Dawson EA (2020) Exercise-induced vasodilation is not impaired following radial artery
catheterization in coronary artery disease patients. J Appl Physiol (1985) 128(2):422–428. https://doi.org/10.1152/japplphysi
ol.00695.2019
Woodman RJ, Playford DA, Watts GF, Cheetham C, Reed C, Taylor
RR, Puddey IB, Beilin LJ, Burke V, Mori TA, Green D (2001)
Improved analysis of brachial artery ultrasound using a novel
edge-detection software system. J Appl Physiol (1985) 91(2):929–
937. https://doi.org/10.1152/jappl.2001.91.2.929
Wray DW, Witman MA, Ives SJ, McDaniel J, Trinity JD, Conklin
JD, Supiano MA, Richardson RS (2013) Does brachial artery
flow-mediated vasodilation provide a bioassay for NO? Hypertension 62(2):345–351. https://doi.org/10.1161/hyper tensionaha
.113.01578
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

