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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Pulse contour analysis is a relatively new

technique used for non-invasive assessment
of endothelial function.

• Endothelial dysfunction is a component of a
number of common conditions including
hypertension, diabetes mellitus and a
variety of inflammatory conditions.

• A standardized method for assessing
endothelial function using pulse contour
analysis is required to allow comparison
between studies.

WHAT THIS STUDY ADDS
• This study recommends the optimal dose

of vasoactive agents and timing of
measurements for the assessment of
endothelial function using pulse contour
analysis.

AIMS
Pulse contour analysis (PCA) obtained by finger
photoplethysmography produces a digital volume pulse (DVP)
including an inflection point in its down-slope. The reflection index
(RI: ratio of the inflection point height over the maximal DVP) is
responsive to vasodilatation. We aimed to optimize the drug dose and
time interval for assessing endothelial function using PCA in healthy
volunteers and patients with severe coronary artery disease.

METHODS
Time and dose to RI response relationships were constructed in 16
volunteers and nine patients to inhaled salbutamol (100–400 mg) or
sublingual nitroglycerin (NTG; 25–400 mg).

RESULTS
For the volunteers, the time to maximum RI response to inhaled
salbutamol and sublingual NTG was 10.73 � 0.41 and 3.66 � 0.21 min,
respectively. A plateau in the RI response to salbutamol occurred
between 5 and 15 min after inhalation and results were averaged over
this period. A dose-dependent response was observed to inhaled
salbutamol and sublingual NTG (P = 0.05 and P < 0.001 by repeated-
measures ANOVA, respectively) in healthy volunteers. By contrast,
in patients with severe coronary artery disease inhaled salbutamol
(100–400 mg) did not cause a significant change in RI.

CONCLUSIONS
In healthy volunteers the RI response to inhaled salbutamol
(100–200 mg) averaged over 5–15 min after administration may be used
to investigate endothelial function by PCA. The response to sublingual
NTG (50 mg) should be determined at 4 min. This technique may not be
suitable for the assessment of endothelial function in subjects with
extensive coronary artery disease owing to the small responses
observed and potential confounding effect of vasoactive medication.
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Introduction

Endothelial dysfunction is a component of common con-
ditions including hypertension, diabetes mellitus, hyperc-
holesterolaemia and coronary artery disease. Dynamic
physiological methods used to assess endothelial func-
tion include forearm plethysmography, brachial artery
flow mediated dilation, applanation tonometry and pulse
contour analysis (PCA) [1]. The former two techniques are
unsuitable for large-scale studies. Applanation tonometry
and PCA evaluate changes in the arterial waveform in
response to endothelium-dependent and -independent
vasodilators. These portable techniques offer the pros-
pect of population screening to detect early endothelial
dysfunction with a view to preventing cardiovascular
disease.

The aim of this study was to determine the dose–
response relationship to endothelium-dependent
(salbutamol) and -independent [nitroglycerin (NTG)]
vasodilators, and the optimum time at which to examine
the drug effect using PCA.

Methods

Subjects
Following approval by the Local Ethics Committee,
informed consent was obtained from all subjects. Healthy
volunteers were male, aged 25–45 years. Screening
excluded any history of cardiovascular disease, smoking,
diabetes and concurrent medication. Patients awaiting
bypass graft surgery for triple vessel coronary artery
disease (8/2 male/female, aged 61–74 years) had taken
their usual medications on the day of the study.All subjects
abstained from caffeine for at least 6 h prior to the study.
Measurements were taken with the subjects supine in a
quiet, temperature-controlled (22–24°C) room following a
15-min acclimatization period. Heart rate and blood pres-
sure were recorded, respectively, from the Pulse Trace
device and from the dominant arm at 5-min intervals
throughout the study using an automated oscillometric
recorder.

Pulse contour analysis
PCA was assessed using a Pulse Trace (Micro Medical, Gill-
ingham, UK) system incorporating a high-fidelity photopl-
ethysmograph finger probe, which produces the digital
volume pulse (DVP) including a characteristic inflection
point in the down-slope of the waveform. The reflection
index (RI) is calculated from the amplitude of the inflection
point and expressed as a percentage of the maximal DVP
amplitude, as previously described [1]. Vasodilation
produces a marked reduction in RI [2]. Recordings were
averaged over 10-s intervals.

DVP recordings during administration of NTG
and salbutamol
NTG (25, 50, 100, 200 and 400 mg each in 100 ml; Faulding
Pharmaceuticals plc, Royal Lemington Spa, UK) was admin-
istered sublingually. Salbutamol (100, 200, 300 and 400 mg;
Baker Norton Salamol CFC-Free inhaler, Miami, FL, USA)
was administered via a spacer device (VolumaticTM; Allen &
Hanburys, Uxbridge, UK). Each 100-mg actuation was fol-
lowed by six normal breaths through the spacer device.
DVP recordings were taken until measurements returned
to baseline. If consecutive doses produced the same reduc-
tion in RI or the heart rate increased by > 10% from base-
line for > 30 min, the study was stopped. Volunteers
underwent repeatability studies at the same time on dif-
ferent days with NTG (n = 4) and salbutamol (n = 5).

Statistical analysis
Results are presented as mean � standard error of the
mean. Data were analysed using repeated-measures analy-
sis of variance (ANOVA) or paired t-tests. Repeatability data
were analysed using Bland–Altman plots and expressed
in terms of mean difference � standard deviation (SD)
between paired measurements.The coefficient of variation
was calculated as the SD of the differences between the
measurements divided by the mean of one of the mea-
surements multiplied by 100. Values of P � 0.05 were con-
sidered to be significant.

Results

Time and dose–responses to NTG and
salbutamol by PCA in healthy volunteers
(Table 1 and Figure 1)
The maximum effect on RI following sublingual NTG
occurred at 3.66 � 0.21 min; there was no difference in this
time between doses (P = 0.63, ANOVA). A dose-dependent
reduction in the RI response to NTG occurred at 4 min (P <
0.001, ANOVA).

RI decreased in response to salbutamol for 5 min fol-
lowed by a plateau of approximately 10 min; data are pre-
sented as the average reduction in RI over this period. No
difference was observed in time to maximum response
between doses of salbutamol (tmax 10.73 � 0.41 min;
P = 0.44, ANOVA). Salbutamol induced a dose-dependent
reduction in RI (P = 0.05, ANOVA).

Administration of salbutamol but not NTG caused a
dose-dependent increase in heart rate (P < 0.05 and P =
0.50, respectively, ANOVA), but had no effect on systemic
blood pressure. RI correlated with heart rate for salbutamol
and NTG (P < 0.0001; r = -0.59 and r = -0.55; linear regres-
sion slope -0.57 and -0.69, respectively).

Repeatability studies
The within-observer difference in RI for healthy subjects
given NTG and salbutamol at the time of maximum effect
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was, respectively, 2.48 � 5.04, n = 4, coefficient of variation
8.8%, and 0.9 � 17.2, n = 5, coefficient of variation 27.5%
or 2.77 � 7.42, coefficient of variation 11.8% when the RI
values were averaged over 5–15 min. No difference was
observed in baseline heart rate and blood pressure
between the two studies.

Time and dose–response to salbutamol by PCA
in patients with coronary artery disease
Three patients failed to complete the study following inha-
lation of salbutamol (300 mg) owing to the onset of angina
(n = 1) and persistent tachycardia (n = 2). There was no
significant dose–response relationship to salbutamol (P =
0.30, ANOVA; Figure 1).The patients’ RI responses to all doses
were less than those of the healthy volunteers. Heart rate
increased with increasing doses of salbutamol (P = 0.049,
ANOVA, n = 9; linear regression slope -0.20). Blood pressure
did not change (Table 1).

Discussion

Our data suggest that the RI responses to sublingual NTG
(50 mg) and inhaled salbutamol (100–200 mg) should be
analysed at 4 and between 5 and 15 min after adminis-
tration, as indices of endothelium-independent and
-dependent vasodilation, respectively. Using the lowest
effective drug dose will avoid confounding variables and
minimize adverse effects like tachycardia. For example,
salbutamol-associated tachycardia affects the measure-
ment of augmentation index, a similar technique usingTa
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Figure 1
Dose–response relationship in healthy male volunteers and patients
with coronary artery disease to nitroglycerin (NTG) and salbutamol. The
change in reflection index (RI) in response to NTG was measured at time
t = 4 min (P < 0.001, repeated-measures ANOVA).The change in RI response
to salbutamol was averaged over 5–15 min (volunteers: P = 0.05; patients:
P = 0.30, repeated-measures ANOVA). NTG Volunteers ( ); Salbutamol
Volunteers ( ); Salbutamol Patients ( )
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pulse wave analysis to assess endothelial function [3].
Increasing the heart rate allows less time for wave reflec-
tion and hence reductions in the inflection point.

Our results are comparable to previous repeatability
studies of PCA using the Sphygmocor (ATCOR, Sydney, Aus-
tralia) [4, 5] and the Pulse Trace systems [5, 6]. Repeatability
studies using flow-mediated vasodilation, arguably the
gold standard method for assessing endothelial function,
have derived coefficients of variation of 7.1% [5] and
2.3% [7].

In patients with advanced coronary artery disease
there was no effect of salbutamol on PCA, but 80% and
10% of patients had recently taken b antagonists and
nitrates, respectively, making the data difficult to interpret.
Hence, protocols for assessment by PCA derived from
healthy volunteers should be re-evaluated in patients with
conditions that affect endothelial function. Another limita-
tion with regard to the generalizability of these studies is
that female subjects were excluded from the volunteer
studies owing to the monthly variation in endothelial func-
tion in pre-menopausal women [8].
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