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Aims

 

 We investigated the repeatability of the forearm blood flow response to
intra-arterial infusion of endothelin-1 (ET-1), assessed by venous occlusion
plethysmography.

 

Methods

 

 In eight healthy men (aged 18–50 years), on four separate occasions, ET-
1 (2.5 or 10 pmol min

 

−

 

1

 

) was infused for 120 min via a 27 SWG cannula sited in
the brachial artery of the nondominant arm. Each dose level was administered twice
on consecutive visits. The dose order was randomized. Results are expressed as
percentage change from baseline at 120 min (mean 

 

±

 

 s.e. mean).

 

Results

 

 ET-1 caused significant vasoconstriction (

 

P

 

 

 

<

 

 0.0001 

 

ANOVA

 

) at both doses
(38 

 

±

 

 3%, 2.5 pmol min

 

−

 

1

 

 and 62 

 

±

 

 3%, 10 pmol min

 

−

 

1

 

; mean visit 1 and 2). There
was no difference in the response to either dose on repeated challenge. Responses
appeared to be less variable when expressed as percentage change in the ratio of
blood flow (infused:noninfused) in both arms than as percentage change in blood
flow in the infused arm alone, as indicated by repeatability coefficients (15% 

 

vs

 

 21%,
2.5 pmol min

 

−

 

1

 

 and 11% 

 

vs

 

 13%, 10 pmol min

 

−

 

1

 

; ratio 

 

vs

 

 infused arm alone).

 

Conclusions

 

 We have shown dose-dependent vasoconstriction in the forearm vascular
bed to intra-arterial infusion of ET-1 and that this response is less variable when
expressed as percentage change in the ratio of forearm blood flow than percentage
change in the infused arm. These data should also provide useful information to
determine the power of early clinical pharmacology studies investigating the activity
of endothelin receptor antagonists.
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Introduction

 

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide
generated by the endothelium [1]. Its vasoconstrictor and
vasopressor effects [1, 2] are predominantly mediated via
the ET-1 selective, vascular smooth muscle cell ETA
receptor [3], although nonisopeptide selective ETB
receptors [4] situated on vascular smooth muscle cells [5]
may contribute [6, 7]. In contrast, the ETB receptor,
situated on endothelial cells, mediates vasodilatation

through generation of nitric oxide [8] and prostacyclin
[9].

The importance of ET-1 as an endogenous mediator
of vascular tone has been confirmed by forearm [10–12]
and systemic [11, 13] vasodilatation in response to local
and systemic administration of endothelin receptor an-
tagonists, respectively. As a consequence of its potent
vasoconstrictor and growth promoting properties, ET-1
has been implicated in the pathophysiology of diseases
such as hypertension, heart failure and renal failure [14,
15], leading to the rapid development of endothelin
receptor antagonists as potential vasodilator treatments for
cardiovascular disease [16]. Some of these compounds are
currently being investigated in clinical trials [11, 17, 18].

Venous occlusion plethysmography coupled with bra-
chial artery infusion provides a valuable method for the
assessment of pharmacological and physiological vasoac-
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tive properties of locally active doses of potentially vaso-
active compounds [19]. Indeed, vasoconstriction of the
forearm vascular bed to local intra-arterial infusion of
ET-1 has previously been demonstrated by venous occlu-
sion plethysmography [2, 7, 10] and inhibition of this
response has been used to assess the efficacy of endothelin
receptor antagonists in early clinical trials [11, 20].
However, although there are published data describing
the repeatability of this technique with other vasoactive
agents or stimuli in forearm resistance vessels 

 

in vivo

 

 [21–
24], there are currently no data specifically with ET-1.

In order to assess the repeatability of the forearm blood
flow response to intra-arterial infusion of ET-1 

 

in vivo

 

,
we compared the response to infusion of two locally
active doses of ET-1, administered on separate occasions,
in the forearm resistance vessels of healthy men

 

.

 

 Each
dose level was administered twice, on consecutive visits,
and the dose order was randomized. We also compared
methods of data presentation of the forearm blood flow
data to assess which method is more reliable in this
setting.

 

Methods

 

Subjects

 

Eight healthy men (aged between 18 and 50 years), were
recruited to the study, which was conducted with the
approval of the local research ethics committee and with
the written informed consent of each subject. All subjects
abstained from vasoactive medication in the 2 weeks
before each study and from alcohol, caffeine-containing
drinks, and tobacco from at least 12 h before each study.
Each subject fasted for at least 3 h before any measure-
ments were taken.

 

Drugs

 

Endothelin-1 (Calbiochem, Nottingham, UK) was
administered by continuous infusion, via the brachial
artery, for 120 min at a rate of 2.5 or 10 pmol min

 

−

 

1

 

according to the study randomization. The infusion rate
was kept constant at 1 ml min

 

−

 

1

 

 for both dose levels. We
have previously assessed the effects of ET-1 at a locally
active dose of 5 pmol min

 

−

 

1

 

 for 60–90 min [10, 11, 20].
The doses selected for the current study allowed assess-
ment of the repeatability of the response to ET-1 at a
lower (2.5 pmol min

 

−

 

1

 

) and a higher (10 pmol min

 

−

 

1

 

)
dose than previously used, to provide further informa-
tion on the threshold of effect, the dose–response and
tolerability.

All dilutions were prepared in 0.9% saline (Baxter
Healthcare Ltd, Thetford, UK) from sterile stock solu-
tions on the day of the study.

 

Intra-arterial infusion

 

The brachial artery of the nondominant arm was cannu-
lated under local anaesthetic (1% lignocaine; Astra Phar-
maceuticals, Kings Langley, England) with a 27 SWG
steel cannula (Cooper’s Needle Works, Birmingham, UK)
attached to a 16G epidural catheter (Portex Ltd, Hythe,
Kent, UK). The cannulae are provided nonsterile and
were sterilized by the hospital CSSD department (West-
ern General Hospital, UK).

Infusions were administered from 50 ml plastic
syringes (Becton-Dickinson, UK) connected directly to
the epidural catheter. The infusion rate was kept constant
at 1 ml min

 

−

 

1

 

 throughout.

 

Measurements

Forearm blood flow

 

The response to intra-arterial infusion was assessed by
measurement of forearm blood flow in both the infused
and noninfused forearms by venous occlusion plethys-
mography using mercury-in-silastic strain gauges securely
applied around the widest part of the forearm [19].
The hands were excluded from the circulation during
measurements through inflation of wrist cuffs to
220 mmHg. Upper arm cuffs were intermittently inflated
to 40 mmHg for the first 10 s in every 15 s to prevent
temporarily venous outflow from the forearm and thus
obtain plethysmographic recordings. Recordings of fore-
arm blood flow were made over 3 min periods at 10 min
intervals.

Venous occlusion plethysmography was performed
using a dual channel strain gauge plethysmograph
(Hokanson, USA) and calibration was achieved using the
internal standard of the Hokanson plethysmography unit.
The voltage output was transferred from the plethysmo-
graph to a Macintosh personal computer (Classic II,
Apple Computer Inc, Cupertino, CA) using a MacLab
analogue-to-digital converter and Chart software (v.
3.2.8; both from AD Instruments, Castle Hill, NSW,
Australia).

 

Blood pressure and heart rate

 

Blood pressure and heart rate were measured in the
noninfused arm using a well-validated semiautomated
noninvasive method [25]. Blood pressure was measured
immediately after forearm blood flow to avoid any effect
on these measurements of the venous congestion caused
by this procedure.

 

Study design

 

In a single-blind, randomized, two way crossover study,
the local effects of two dose levels of ET-1 were investi-
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gated in eight healthy men. On four separate occasions,
each separated by at least 1 week, subjects received
an intra-arterial infusion of ET-1 (2.5 pmol min

 

−

 

1

 

 or
10 pmol min

 

−

 

1

 

) for 120 min. Each dose level was
administered twice, on consecutive visits and the dose
order randomized. Subjects were blinded to the dose
administered.

 

Forearm blood flow studies

 

Subjects rested recumbent throughout each study in a
quiet temperature-controlled room (23–25 

 

°

 

C). Strain
gauges and arm cuffs were applied and a cannula was
sited in the brachial artery of the nondominant arm.
Saline (0.9%) was infused for at least 30 min, during
which three measurements of forearm blood flow were
made. ET-1 was then infused for 120 min. Forearm
blood flow, and blood pressure and heart rate recordings,
were made at 10 min intervals throughout.

 

Statistical analysis

 

Plethysmographic data listings were extracted from data
files and forearm blood flows calculated for individual
venous occlusion cuff inflations using a template spread-
sheet (Excel 5.0; Microsoft Ltd, Wokingham, UK).
Recordings made in the first 60 s after wrist cuff inflation
were not used for analysis because of the transient insta-
bility in blood flow that this causes [26]. Blood flow in
both forearms was obtained from the mean of the last
five consecutive recordings of each measurement period.
Baseline blood flow was taken as the last measurement
during the saline infusion, before the start of the ET-1
infusion. Forearm blood flow results are expressed as the
percentage change from baseline in the ratio of blood
flow between the infused and noninfused arms [19]. We
also expressed the results as percentage change in forearm
blood flow in the infused arm alone, to compare this
with our standard method of data presentation. The area
under the curve (AUC) was calculated for both methods
to present a summary statistic for the overall response.

The repeatability of each method was assessed by the
method of Bland & Altman [27] using Student’s 

 

t

 

 distri-
bution. In brief, the mean response and the mean dif-
ference between the responses on each visit are compared
and the repeatability coefficient calculated according to
the recommendations of the British Standards Institution
[27]. Power calculations were performed using the stan-
dard deviation and the mean response, as a percentage
change, for visit 1 for each dose, to estimate the sample
sizes required to detect a shift in the response at 60, 90
and 120 min; and the AUC for (0, 60 min), (30, 60 min),
(0, 90 min), (60, 90 min), (0, 120 min) and (90,
120 min); for each dose for 80 or 90% power to detect

a predetermined difference (of 10–100%) with signifi-
cance accepted at the 5% level.

All results are expressed as mean 

 

±

 

 standard error of
the mean (s.e. mean). Blood pressure, heart rate and
baseline measurements were compared using the Stu-
dent’s paired 

 

t

 

-test. Forearm blood flow data were exam-
ined by repeated-measures analysis of variance (

 

ANOVA

 

)
(Excel 5.0, Microsoft Ltd, Wokingham, UK). Statistical
significance was accepted at the 5% level.

 

Results

 

All eight subjects successfully completed the study (age
range: 18–50 years, mean 33 

 

±

 

 3 years). There were no
significant differences between baseline measurements on
each of the study visits. There was no significant change
in blood pressure or heart rate at the end of each
infusion (Table 1). There was a trend for the blood flow
in the noninfused arm to increase with time (Figure 1).
Although this trend reached significance over 120 min
(

 

P

 

 

 

=

 

 0.02) for one of the visits (10 pmol min

 

−

 

1

 

, visit 1)
when the data were expressed as percentage change in
blood flow, there was no significant change in forearm
blood flow (absolute values) in the noninfused arm at the
end of each infusion (Table 1).

Although there were no reported adverse events with
either dose of ET-1, some skin blanching was noted
in some volunteers with the higher dose of ET-1
(10 pmol min

 

−

 

1

 

). These effects were not formally evalu-
ated and did not cause symptoms at the end of the study
or thereafter.

 

Forearm blood flow

(i) Forearm blood flow ratio (FBF

 

R

 

)

 

Forearm vasoconstriction was indicated by a reduction in
the ratio of forearm blood flow in response to both doses
of ET-1 at each visit (

 

P

 

 

 

<

 

 0.0001, all visits), the response
to ET-1 (10 pmol min

 

−

 

1

 

) was significantly greater than
that to ET-1 (2.5 pmol min

 

−

 

1

 

) (

 

P

 

 

 

<

 

 0.0001) (Figure 1).
The response to ET-1 was slow in onset and appeared
to plateau at around 60 min. There was no significant
difference between the responses on visit 1 and visit 2
for either dose. The repeatability coefficient for 10 pmol
min

 

−

 

1

 

 was lower than that for 2.5 pmol min

 

−

 

1

 

 (Table 2),
indicating that the response to 10 pmol min

 

−

 

1

 

 was the
more repeatable.

The AUC was calculated for each dose and each visit
(

 

P

 

 

 

<

 

 0.0001, all visits) (Table 2). There was no significant
difference between the responses on visit 1 and visit
2 for either dose. Again, the repeatability coefficient
for 10 pmol min

 

−

 

1

 

 was lower than for 2.5 pmol min

 

−

 

1

 

(Table 2).
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Figure 1

 

Response of forearm blood flow to local intra-arterial 
infusion of ET-1; mean percentage change in forearm blood flow 
ratio (infused arm:noninfused arm), forearm blood flow (infused 
arm) and forearm blood flow (noninfused arm), 

 

±

 

 s.e. mean for 
all; (2.5 pmol min

 

−

 

1

 

; visit 1, 

 

�

 

; visit 2, 

 

�

 

 and 10 pmol min

 

−

 

1

 

; visit 
1, 

 

�

 

; visit 2, 

 

�
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(ii) Infused arm only (FBF

 

I

 

)

 

There was a significant reduction in blood flow in the
infused arm in response to both doses of ET-1 at each
visit (

 

P

 

 

 

<

 

 0.0001, all visits) (Figure 1). Although there was
no significant difference between the response to ET-1
(10 pmol min

 

−

 

1

 

) on visit 1 and visit 2 (

 

P

 

 

 

=

 

 0.7), the
difference between the response to ET-1 (2.5 pmol
min

 

−

 

1) on visit 1 and visit 2 was significant (P = 0.03).
The repeatability coefficient for 10 pmol min−1 was lower
than that for 2.5 pmol min−1 (Table 2).

The AUC was calculated for each dose and each visit
(P < 0.0001, all visits) (Figure 1). There was no significant
difference between the responses on visit 1 and visit 2
for either dose. Again, the repeatability coefficient for
10 pmol min−1 was lower than that for 2.5 pmol min−1

(Table 2).

(iii) Non-infused arm only (FBFNI)
Although there was no significant change in forearm
blood flow (absolute values) at the end of the infusion
(Table 1), when expressed as a percentage change from
baseline, the change on visit 1 for the 10 pmol min−1 dose
was significant over 120 min (P = 0.02; ANOVA, one
way). This change was not significant up to and including
the 90 min timepoint for this visit (P > 0.1; ANOVA, one
way), or for the other visits over 120 min.

There was no significant difference between the per-
centage change in the noninfused arm on visit 1 and visit
2 for the 10 pmol min−1 dose. However the difference
between the percentage change on visit 1 and visit 2 for

the 2.5 pmol min−1 dose reached statistical significance
(P = 0.047).

(iv) Power calculations
The sample sizes estimated from the power calculations
were smaller when data were represented as a percentage
change in the ratio of forearm blood flow rather than as
percentage change in the infused arm alone (Tables 3
and 4).

Table 1 Mean arterial pressure (MAP), heart rate (HR) and 
forearm blood flow (FBF) at baseline and 120 min after the start 
of each infusion. Values are mean ± s.e.mean.

Endothelin-1 infusion
2.5 pmol min−1 10 pmol min−1 

Visit 1 Visit 2 Visit 1 Visit 2

MAP (mmHg)
Basal 94 ± 2 92 ± 3 91 ± 3 90 ± 2
120 min 94 ± 3 98 ± 4 93 ± 4 94 ± 3

HR (beats min−1)
Basal 62 ± 4 64 ± 5 61 ± 5 63 ± 4
120 min 58 ± 4 64 ± 7 62 ± 4 63 ± 4

FBF (ml 100 ml−1 min−1)

Control arm
Basal 3.4 ± 0.3 3.3 ± 0.4 3.1 ± 0.3 3.5 ± 0.3
120 min 3.7 ± 0.5 3.9 ± 0.3 4.1 ± 0.3 4.4 ± 0.5

Infused arm
Basal 4.0 ± 0.4 3.9 ± 0.7 3.6 ± 0.4 3.8 ± 0.5
120 min 2.5 ± 0.3 3.2 ± 0.1 1.6 ± 0.1 1.7 ± 0.2
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Discussion

We have demonstrated dose-dependent vasoconstriction
in the forearm vascular bed of healthy men in response
to infusion of locally active doses of ET-1 (2.5 and
10 pmol min−1), consistent in evolution and magnitude
with previous responses to ET-1 (1 and 5 pmol min−1) [2,
7, 11]. We investigated the response to each dose of ET-
1 on two separate occasions and found responses to each
dose to be similar on both visits.

Forearm blood flow can be measured in both arms and
it has been suggested that data from studies with locally
active doses of drugs are best represented as percentage
change in the ratio of forearm blood flow in the infused
and noninfused arm [19, 22, 28, 29]. However, some
investigators prefer to report the effects in the infused
arm without including blood flow data from the nonin-
fused arm [24, 30]. It is likely that, where the responses
are relatively small, and particularly in the case of con-
strictors, the response is more accurately expressed as a
percentage change in the ratio of forearm blood flow.
On the other hand, when responses are potentially of a
greater magnitude, particularily with vasodilator effects
[24], it may be more useful to express the response as a
percentage change in the infused arm and use the effects
in the noninfused arm only to confirm that there are no
systemic drug effects.

We examined the response to ET-1 when expressed as
percentage change in the ratio of forearm blood flow and
as percentage change in the infused arm alone, to identify
which is better suited for future studies investigating this
response. Although both methods demonstrated signifi-
cant reduction in blood flow for all visits (Figure 1), the
repeatability coefficients were consistently lower for the
blood flow ratio than for blood flow in the infused arm
(Table 2) indicating that the data are less variable when
presented as percentage change in forearm blood flow

ratio. This translates into a need for a lower sample size
to achieve the same power, using blood flow ratios rather
than changes in the infused arm alone (Table 3), suggest-
ing that, at least in the case of responses to ET-1, pre-
sentation of the response as a ratio is more robust.

Summarizing the forearm blood flow responses as areas
under the curve (AUCs) allows presentation of responses
as single values and may reduce the effect of single
unexpected variations in blood flow on an overall assess-
ment of the response. Again, the AUC data for the blood
flow ratio appeared more robust than the AUC for the
infused arm only with the response more repeatable and
with consistently smaller sample sizes needed for future
studies investigating this response. Interestingly, the sam-
ple sizes were smaller for AUC for the last 30 min of the
response than for the AUC for the entire infusion period,
for both the ratio and infused arm data (Table 4), prob-
ably because the response is more completely developed
by this time.

In the current study there was a trend for the blood
flow to increase in the noninfused arm, with significant
change detected over 120 min on one of the study visits
(10 pmol min−1, visit 1). It is important to note that,
although changes were observed in the noninfused arm,
these changes were not significant up to 90 min. There-
fore, limiting the duration of the intra-arterial infusion
to 90 min or less might avoid this problem. This increase
in blood flow may simply be a time-dependent effect.
However, as these effects were more pronounced with
the higher dose level of ET-1 (10 pmol min−1), it is
possible that the changes described in the noninfused
arm are a breakthrough of systemic effects. Previous
investigations of forearm blood flow responses to ET-1
have demonstrated vasodilatation in response to low
dose (∼0.05–0.2 pmol min−1) infusion of ET-1 [31, 32].
Therefore the small increase in blood flow observed
in the noninfused arm during infusion of ET-1

Table 2 Data for percentage change in forearm blood flow (FBF) ratio, blood flow in the infused arm for 30, 60, 90 and 120 min 
following the start of each infusion with AUC, repeatability coefficients (Rep coeff ) and 95% confidence intervals (CI).

ET-1
(pmol
min−1)

FBF ratio (infused:noninfused arm) FBF infused arm
Time
(min)

Mean % change
(visit 1 and visit 2)

Mean difference
(visit 1 – visit 2)

Rep coeff
(%)

95% CI range
(% change)

Mean % change
(visit 1 and visit 2)

Mean difference
(visit 1 – visit 2)

Rep coeff
(%)

95% CI range
(% change)

2.5 30 −19 −4 15 −25, −13 −11 −9 20 −23, +1
60 −30 −2 14 −36, −24 −20 −2 19 −28, −12
90 −36 −6 14 −40, −32 −28 −20 19 −35, −21

120 −38 −6 15 −44, −32 −29 −14 21 −37, −21
AUC −3064 −201 1411 −3500, −2628 −2222 −697 1774 −2914, −1530

10 30 −36 −3 16 −43, −29 −36 −6 15 −45, −27
60 −51  2 10 −57, −45 −47  1 12 −54, −40
90 −61  3 8 −68, −54 −53  4 12 −59, −47

120 −62 −3 11 −68, −56 −52  1 13 −59, −45
AUC −5534  96 1003 −6008, −5060 −4957  83 1259 −5488, −4426
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Table 3 Power calculations estimating the sample sizes required to detect a 10, 25, 33, 50, 75 and 100% shift in the response, as percentage 
change (i) at 120 min, (ii) AUC(0, 120 min) and (iii) AUC(90, 120 min); for each dose with a power of 90% and 80% and significance 
accepted at 5%.

(i)

(ii)

(iii)

ET-1
(pmol min−1)

% shift
(120 min)

FBF ratio FBF infused arm
90% power 80% power 90% power 80% power

2.5 10 132 99 389 293
25 22 16 63 47
33 13 10 36 27
50 6 ≥ 5 16 12
75 ≥ 5 ≥ 5 7 6

100 ≥ 5 ≥ 5 ≥ 5 ≥ 5
10 10 38 29 122 92

25 6 ≥ 5 20 15
33 ≥ 5 ≥ 5 12 9
50 ≥ 5 ≥ 5 ≥ 5 ≥ 5
75 ≥ 5 ≥ 5 ≥ 5 ≥ 5

100 ≥ 5 ≥ 5 ≥ 5 ≥ 5

ET-1
(pmol min−1)

% shift
AUC(0, 120 min)

FBF ratio FBF infused arm
90% power 80% power 90% power 80% power

2.5 10 180 136 1093 823
25 29 22 175 132
33 17 13 101 76
50 8 6 44 33
75 ≥ 5 ≥ 5 20 15

100 ≥ 5 ≥ 5 11 9
10 10 33 25 144 108

25 6 ≥ 5 23 18
33 ≥ 5 ≥ 5 14 10
50 ≥ 5 ≥ 5 6 ≥ 5
75 ≥ 5 ≥ 5 ≥ 5 ≥ 5

100 ≥ 5 ≥ 5 ≥ 5 ≥ 5

ET-1
(pmol min−1)

% shift
AUC(90, 120 min)

FBF ratio FBF infused arm

90% power 80% power 90% power 80% power

2.5 10 83 63 368 277
25 13 10 59 45
33 8 6 34 26
50 ≥ 5 ≥ 5 15 12
75 ≥ 5 ≥ 5 7 ≥ 5

100 ≥ 5 ≥ 5 ≥ 5 ≥ 5
10 10 50 38 130 98

25 8 6 21 16
33 ≥ 5 ≥ 5 12 9
50 ≥ 5 ≥ 5 6 ≥ 5
75 ≥ 5 ≥ 5 ≥ 5 ≥ 5

100 ≥ 5 ≥ 5 ≥ 5 ≥ 5
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(10 pmol min−1) in the current study may have resulted
from a small increase in ET-1 concentrations in the non-
infused arm. Alternatively, this increase in forearm blood
flow could reflect splanchnic vasoconstriction with the
higher dose of ET-1. Although no changes were seen in
blood pressure in the noninfused arm during infusion of
ET-1, the increase in blood flow in the noninfused arm
could result from an increase in blood flow to the
forearm vascular bed in response to a degree of  sys-
temic vasoconstriction in more important vascular beds.
Indeed, similar effects have been described in studies
with systemic infusion of angiotensin II, where forearm
vasodilatation was demonstrated in response to high dose
infusion of angiotensin II [33].

We have shown that the forearm blood flow response
to intra-arterial infusion of ET-1, at two dose levels, is
repeatable in between-day comparisons in healthy volun-
teers. These data support the use of the forearm blood
flow response to ET-1 as a model to assess the effects of
antagonists and inhibitors of the endothelin system in
early clinical trials [10, 11, 20]. From our experience this
model is most powerful when the response to intra-
arterial infusion is assessed in a within-subject, placebo-
controlled design, allowing the shift in individual
dose–responses to be assessed with each study subject
acting as his own control. Concerns over the binding of
ET-1 to infusion lines and syringes and subsequent loss
of activity have been raised, prompting dilution of ET-1
in colloid solutions by some investigators [32]. However,
our standard method [7, 10, 11, 20] is to dilute ET-1 in
saline and the current data have shown responses to be
sustained and reproducible. We have also tested ET-1
activity using standard saline dilution and infusion tech-
niques and found ∼80% recovery of the peptide in the
final infusate after 75 min (unpublished data using our
standard infusion devices: 79 ± 6%, n = 3). Therefore

concerns over the stability of ET-1 diluted in saline in
the current context appear to be unfounded.

The method described is generally well tolerated and
repeat studies can be scheduled 5–7 days apart, allowing
the effects of study drug to be investigated using a cross-
over design. This model is also useful in assessing any
differences in responses to ET-1 between patients and
healthy matched controls [34–36].

The characteristically slow onset of and sustained vaso-
constriction to ET-1 [2, 7] precludes the construction
of a full dose–response curve on a single visit. There is
also the possibility of an accumulation of effect with
subsequent increases in dose level. Indeed, early studies
with ET-1 demonstrated significant adverse events in-
cluding vomiting, sensation of heat and deep muscular
pain following intra-arterial infusion of ET-1 in stepwise
increases in dose from 5 × 10−11 to 5 × 10−8 mol min−1

with effects still evident 10 h following infusion [31]. In
the current study, we observed skin blanching in the
infused arm following infusion of ET-1, but only at the
higher dose level. These effects have not been noted in
our studies with ET-1 (5 pmol min−1) [10, 11, 20, 34,
35]. In addition, a small but significant increase in fore-
arm blood flow was noted in the noninfused arm fol-
lowing infusion of ET-1 (10 pmol min−1), which could
indicate threshold systemic effects at this dose level.
Given these observations with ET-1 (10 pmol min−1), and
our previous results with ET-1 (5 pmol min−1), we would
suggest that the forearm blood flow response to intra-
arterial infusion of ET-1 at 5 pmol min−1 for 90 min
provides the most useful model for the assessment of
effects of receptor antagonists or the responsiveness to
ET-1 in patients. Based on power calculations from the
current data, a sample size of eight should be sufficient
to detect a 50% shift in AUC (60–90 min) for ET-1
(10 pmol min−1) and a 33% shift in AUC (60–90 min) for

Table 4 Power calculations estimating the sample sizes required to detect a 25 and 50% shift in the response, as percentage change at 
60 min, 90 min and 120 min and percentage change in AUC(0, 60 min), (30, 60 min), (0, 90 min), (60, 90 min), (0, 120 min) and (90, 
120 min), for each dose with a power of 90% and significance accepted at 5%.

ET-1
(pmol
min−1) FBF method % shift

AUC
(0, 60 min)

AUC
(30, 60 min) 60 min

AUC
(0, 90 min)

AUC
(60, 90 min) 90 min

AUC
(0, 120 min)

AUC
(90, 120 min) 120 min

2.5 Ratio 25 116 59 30 52 22 20 29 13 22
50 29 15 8 13 6 ≥ 5 8 ≥ 5 6

Infused arm 25 726 369 165 296 92 165 175 59 6
50 182 93 42 74 23 42 44 15 ≥ 5

10 Ratio 25 42 15 ≥ 5 13 8 12 6 8 6
50 11 ≥ 5 ≥ 5 ≥ 5 ≥ 5 ≥ 5 ≥ 5 ≥ 5 ≥ 5

Infused arm 25 59 31 27 34 22 27 23 21 15
50 15 8 7 9 6 7 6 6 ≥ 5
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ET-1 (2.5 pmol min−1), with 90% power, when responses
are expressed as a percentage change in the forearm
blood flow ratio. Therefore, we would expect that a
sample size of eight should be sufficient to detect a 33–
50% shift in AUC (60, 90 min) for 5 pmol min−1, with
90% power, when responses are expressed as a percentage
change in the forearm blood flow ratio.

It is important to acknowledge that our observations
are confined to healthy men in the age range 18–
50 years. Given the potentially teratogenic nature of
endothelin antagonists [37, 38], it is unlikely and prob-
ably inadvisable that proof of concept studies would
include women of childbearing potential. Although fur-
ther assessment of the repeatability of the forearm blood
flow response to intra-arterial infusion of ET-1 in elderly
or postmenopausal subjects may be required, the results
from the current study could serve as a guide for initial
investigations.

In summary, the assessment of the forearm blood flow
response to intra-arterial infusion of ET-1 provides a well
tolerated and reliable model for the pharmacodynamic
assessment of endothelin receptor antagonists at an early
stage in drug development in a relatively small number
of patients or controls [11, 20, 34–36] enabling identifi-
cation of a pharmacologically effective dose range for use
in early patient trials. The data from the current study
should provide a valuable basis for protocol design in
early clinical pharmacology studies investigating the
activity of new endothelin receptor antagonists.
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