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ABSTRACT Right ventricular contractile response to pharmacological stress in pulmonary arterial
hypertension (PAH) has not been characterised. We evaluated right ventricular contractile reserve in
adults with PAH using dobutamine stress echocardiography.

16 PAH patients and 18 age-matched controls underwent low-dose dobutamine stress echocardiography.
Contractile reserve was assessed by the change (Δ; peak stress minus rest value) in tricuspid annular plane
systolic excursion (TAPSE) and tricuspid annular systolic velocity (S′). A subgroup of 13 PAH patients
underwent treadmill cardiopulmonary exercise testing for peak oxygen uptake (V′O2peak).

At rest, TAPSE and S′ were reduced in the PAH group compared with controls (1.7±0.4 versus 2.4±0.2 cm
and 9.7±2.6 versus 12.5±1.2 cm·s−1, respectively; p<0.05). Contractile reserve was markedly attenuated in
PAH compared to controls (ΔTAPSE 0.1±0.2 versus 0.6±0.3 cm and ΔS′ 4.6±2.8 versus 11.2±3.6 cm·s−1;
p<0.0001). In the sub-group of PAH patients with preserved right ventricular systolic function at rest,
contractile reserve remained depressed compared to controls. V′O2peak was significantly correlated with ΔS′
(r=0.87, p=0.0003) and change in stroke volume (r=0.59, p=0.03).

Dobutamine stress can reveal sub-clinical reduction in right ventricular contractile reserve in patients
with PAH. A correlation with exercise capacity suggests potential clinical value beyond resting
measurements.
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Introduction
Although pulmonary arterial hypertension (PAH) is a disease of the distal pulmonary arteries, the ability
of the right ventricle (RV) to adapt to the increased afterload is the main determinant of clinical outcomes
in this condition [1]. RV failure is the main cause of death in patients with PAH [2], and most identified
prognostic indices have consistently been derived from either direct measurements of RV function or
surrogate indicators of RV dysfunction, such as right atrial pressure (RAP) and cardiac output [3–6].

Despite severe elevation of RV afterload in PAH, symptoms of RV failure do not occur at rest until the
latter stages of the disease. Thus, it is rational that measurement of RV function under stress may provide
incremental value in the clinical assessment of PAH patients. This notion is supported by a recent study
where right ventricular contractile reserve was indirectly assessed by the increase in pulmonary artery
pressure (PAP) during exercise, and the inability to augment PAP was associated with poorer survival [7].

Inotropic stimulation with dobutamine is an accepted alternative to exercise stress in the evaluation of left
ventricular contractile reserve across a range of underlying pathologies including ischaemic heart disease,
idiopathic dilated cardiomyopathy and valvular heart disease [8–10]. In contrast, only limited studies have
addressed RV contractile reserve and these have predominantly been in the setting of biventricular failure
[7, 11–17]. Specifically, assessment of RV contractile reserve using dobutamine stress has not been
investigated in PAH. Exercise echocardiography is technically demanding and requires rapid acquisition of
images in tachypnoeic patients. Thus, assessment of RV contractile reserve using pharmacological stress is
an appealing alternative to exercise stress.

Our study sought to assess RV contractile reserve using low-dose dobutamine stress echocardiography in
patients with PAH. We also assessed the association between indices of RV contractile reserve and exercise
capacity.

Materials and methods
A total of 35 subjects participated in the study; 17 subjects with PAH and 18 age-matched healthy
controls. The diagnosis of PAH was established according to published guidelines. All PAH patients had
invasive confirmation with right heart catheterisation demonstrating mean PAP ≥25 mmHg, pulmonary
artery wedge pressure ≤15 mmHg and pulmonary vascular resistance >3 Wood units. Healthy controls
had no history of cardiorespiratory conditions, no risk factors for pulmonary vascular disease, <10
pack-years smoking history and normal baseline transthoracic echocardiography. Pulmonary
haemodynamic responses from these study subjects during dobutamine stress have been reported
previously [18]. This study was approved by the Local Institutional Ethics Review Committee (Sydney
Local Health District, Australia: X10-0260) and all participants provided written informed consent.

Dobutamine stress echocardiography
Echocardiography images were acquired by either a Vivid 9 system (GE Healthcare, Little Chalfont, UK)
or iE33 (Philips Healthcare, Amsterdam, the Netherlands) with a 3.5 MHz transducer by an experienced
cardiac sonographer. All patients underwent continuous dobutamine infusion using a low-dose protocol.
Dobutamine was increased at increments of 5 μg·kg−1·min−1 at 3-min intervals up to a maximum of
20 μg·kg−1·min−1. The pre-specified infusion end-points were either reaching the maximum dobutamine
dose, heart rate >120 beats·min−1 or side-effects requiring cessation. A heart rate of 120 beats·min−1 was
chosen for safety reasons to ensure that very high heart rates were not induced in patients with PAH,
which could precipitate RV ischaemia. Side-effects requiring cessation of infusion were defined as: 1)
hypotension (systolic blood pressure <85 mmHg); 2) chest pain; 3) new onset arrhythmias; or 4)
intolerable symptoms experienced by subject. All control subjects completed the dobutamine stress
echocardiography protocol but one PAH patient developed self-limiting atrial fibrillation at a dobutamine
dose of 10 μg·kg−1·min−1. This patient was excluded from the final data analysis resulting in a final total of
16 assessable PAH patients. No adverse events occurred in any of the other PAH patients.

A standard echocardiogram was performed at baseline. Two-dimensional, M-mode, Doppler
echocardiography measurements were performed according to recommendation of the American Society of
Echocardiography [19, 20]. Systolic PAP was measured by peak gradient between the RV and the right
atrium from the peak tricuspid regurgitation velocity (TRV) using the Bernoulli equation (systolic PAP =
(TRV)2 + RAP). RAP was assigned at 5 mmHg for all healthy controls and estimated from the inferior vena
cava diameter and collapsibility in PAH subjects. Stroke volume was estimated from the left ventricular
outflow tract (LVOT) diameter and LVOT velocity time integral (stroke volume = LVOT velocity time
integral × π(LVOT diameter/2)2). Left ventricular ejection fraction was calculated using Simpson’s biplane
method. Left atrial and right atrial areas were measured in end-systole from apical four-chamber view. Left
ventricular diastolic function was assessed by measuring early (E) and late (A) transmitral flow velocity, and
the early diastolic velocity of the medial mitral valve annulus (e′) in order to derive E/A and E/e′ ratios.
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Right ventricular systolic function was assessed at baseline and during dobutamine stress using two
established indices of longitudinal contraction: 1) tricuspid annular plane systolic excursion (TAPSE); and
2) pulse tissue Doppler peak tricuspid annular systolic velocity at the lateral annulus (S′). RV contractile
reserve was defined as the difference between these values obtained at baseline and peak stress (ΔTAPSE
and ΔS′, respectively). At baseline we defined a depressed TAPSE as <1.6 cm and S′ as <10 cm·s−1, using
reference ranges published in the American Society of Echocardiography guidelines [19]. All values were
measured in duplicate for each condition and the average was taken.

Cardiopulmonary exercise testing
A subgroup of 13 out of 16 patients with PAH consented to treadmill cardiopulmonary exercise testing
(CPET). The remaining three did not provide consent due to lower limb joint disease (n = 1) and refusal
to participate in exercise testing (n=2). All CPET were performed within 1 week of dobutamine stress
echocardiography on a treadmill using either a Naughton or Modified Bruce protocol according to the
subject’s estimated exercise capacity. Oxygen uptake (V′O2), carbon dioxide production and minute
ventilation were measured breath-by-breath together with continuous ECG monitoring and blood pressure
via cuff sphygmomanometer.

Statistical analysis
Continuous variables were presented as mean±SD, unless otherwise stated. RV systolic function at rest and
peak stress were compared using two-way ANOVA with repeated measures, with post hoc Bonferroni
correction for multiple comparisons. Spearman’s correlation was performed to assess correlation in the
PAH group. A two-sided p-value <0.05 was considered statistically significant. Statistical analysis was
performed using the Prism 6 package (GraphPad, La Jolla, CA, USA).

Results
Baseline demographics of the PAH and control groups are shown in table 1. There was a greater
proportion of females in the PAH group, but the two groups were otherwise well matched for age and

TABLE 1 Baseline characteristics of study subjects

PAH Controls p-value

Subjects n 16 18
Age years 56±9 51±15 0.25
Male 25 66 0.02
Height cm 166±11 168±11 0.65
Weight kg 77±19 75±15 0.74
Body mass index kg·m−2 27.7±5.6 26.4±4.4 0.48
Body surface area m2 1.87±0.28 1.86±0.23 0.90
Aetiology
Idiopathic PAH 6 (38)
Scleroderma PAH 9 (56)
Portopulmonary hypertension 1 (16)

Therapy
Endothelin receptor antagonist 75
Phosphodiesterase-5 inhibitor 56
Prostanoid 19
Combination therapy 44

NYHA functional class 2.4±0.7
I/II/III/IV n 2/6/7/1

6MWD m 410±149
V′O2peak mL·min−1·kg−1 16.2±7.2
Invasive pulmonary haemodynamics#

Systolic PAP mmHg 73±17
Diastolic PAP mmHg 27±9
Mean PAP mmHg 46±11
PAWP mmHg 8±2
RAP mmHg 9±5

Data are presented as mean±SD, % or n (%), unless otherwise stated. PAH: pulmonary arterial
hypertension; NYHA: New York Heart Association; 6MWD: 6-min walk distance; V′O2peak: peak oxygen
uptake; PAP: pulmonary artery pressure; PAWP: pulmonary artery wedge pressure; RAP: right atrial
pressure. #: invasive haemodynamics obtained at time of initial diagnostic catheterisation.
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body mass index. The diagnostic categories of PAH included idiopathic PAH (n=6),
scleroderma-associated PAH (n=9) and portopulmonary hypertension (n=1). Baseline disease
characteristics encompassed a range of severity as demonstrated by invasive haemodynamics, 6-min walk
distance and New York Heart Association (NYHA) functional class. All patients were receiving targeted
PAH therapies at the time of study according to a guideline treatment algorithm [21].

The peak dobutamine dose reached was not significantly different between the two groups (PAH 18.4±2.9
μg·kg−1·min−1 versus controls 19.7±1.2 μg·kg−1·min−1; p=0.10). Resting heart rate, as well as peak stress
heart rate, were both higher in PAH compared to controls (baseline heart rate: 80±12 versus 65±9
beats·min−1, p=0.004; peak heart rate: 113±17 versus 96±12 beats·min−1, p=0.003). Peak stress resulted in
augmentation of systolic PAP from 21±5 to 31±7 mmHg and from 79±24 to 108±30 mmHg in controls
and PAH patients, respectively.

Right ventricular contractile reserve
Baseline echocardiographic parameters are summarised in table 2. Resting RV systolic function was
reduced in PAH compared to controls. Resting TAPSE in PAH patients was 1.7±0.4 cm and S′ was
9.7±2.6 cm·s−1. In controls, resting TAPSE and S′ were both higher at 2.4±0.2 cm and 12.5±1.2 cm·s−1,
respectively (both p<0.05 compared to PAH) (fig. 1). However, 10 (63%) out of the 16 and seven out of
(44%) the 16 PAH patients had resting TAPSE and S′, respectively, within the normal range as defined by
TAPSE ≥1.6 cm and S′ ≥10 cm·s−1 [19].

RV contractile reserve was markedly reduced in PAH patients compared to controls (ΔTAPSE: 0.1±0.2
versus 0.6±0.3 cm, p<0.0001; ΔS′: 4.6±2.8 versus 11.2±3.6 cm·s−1, p<0.0001) (fig. 2). Of the 10 PAH
subjects with a preserved TAPSE at rest, ΔTAPSE was depressed at 0.1±0.3 cm (p<0.0001 compared to
controls). Similarly, of the seven PAH patients with a preserved resting S′, ΔS′ was similarly depressed at
5.7±3.0 cm·s−1 (p=0.0012 compared to controls).

Relationship between contractile reserve and exercise capacity
The mean (range) peak V′O2 in the PAH group was 16.2±7.2 (9.0–32.9) mL·kg−1·min−1. There was a
significant positive correlation between ΔS′ and peak V′O2 (r=0.87, p=0.0003) but not between ΔTAPSE
and peak V′O2 (r=0.21, p=0.49). Change in stroke volume also correlated with exercise capacity (r=0.59,
p=0.03). When PAH subjects were stratified by NYHA functional class status, those in functional class 1–2
(n=8) had better contractile reserve compared to those in functional class 3–4 (n=8) when measured by
ΔS′ (6.4±2.5 versus 2.8±1.8 cm·s−1, p=0.005). Resting TAPSE and S′ also correlated significantly with peak
V′O2 (r=0.60, p=0.034 and r=0.62, p=0.026, respectively), although less strongly than ΔS′ (fig. 3).

Discussion
To the best of our knowledge this is the first study to assess RV contractile reserve using dobutamine stress
echocardiography in patients with PAH. We found that the RV contractile reserve following dobutamine
stimulation was markedly reduced in subjects with PAH and contractile reserve using systolic myocardial
velocity at the tricuspid annulus (ΔS′) correlated significantly with reduced exercise capacity. Furthermore,

TABLE 2 Baseline echocardiographic parameters

PAH Controls p-value

Subjects n 16 18
Left heart parameters
LVEF % 71±8 64±6 0.005
Left atrial area cm2 16±3 13±3 0.003
E/e′ 12.3±4.7 8.8±2.8 0.013
E/A ratio 1.0±0.2 1.3±0.5 0.008

Right heart parameters
Right atrial area cm2 23±7 14±3 <0.001
Systolic PAP 79±24 21±5 <0.001
TAPSE cm 1.7±0.4 2.4±0.2 <0.001
S′ cm·s−1 9.7±2.6 12.5±1.2 <0.001

Data are presented as mean±SD, unless otherwise stated. PAH: pulmonary arterial hypertension; LVEF: left
ventricular ejection fraction; E/e′: early (E) to early diastolic mitral annular velocity (e′); E/A: early (E) to
late (A) ventricular filling velocities; PAP: pulmonary artery pressure; TAPSE: tricuspid annular plane
systolic excursion; S′: tricuspid annulus systolic myocardial velocity.
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we found that even in PAH patients where RV parameters were within the “normal range” at baseline,
contractile reserve remained significantly depressed compared to healthy controls. This suggests that the
use of dobutamine stress may potentially unmask latent RV dysfunction that is not apparent at rest. A
significant correlation between indices of RV contractile reserve and exercise capacity in PAH patients
supports the potential clinical utility of dobutamine stress echocardiography, given that exercise capacity is
a powerful predictor of prognosis in this condition [22].

Due to the complex geometry of the RV, accurate volumetric assessment with two-dimensional
echocardiography is difficult. Even with three-dimensional echocardiography, volumetrics can be
inaccurate [23]. Magnetic resonance imaging is the gold standard for assessing RV volumes but its expense
limits its current role in the routine bedside assessment of RV function, and exercise magnetic resonance
imaging for RV function is currently not well established. Due to the unique myocardial fibre orientation
of the RV, base-to-apex longitudinal contraction is considered to be particularly important in RV
emptying [24, 25]. TAPSE and S′ represent two of the most commonly used, reproducible and validated
indices of RV systolic function in clinical practice [19]. Furthermore, measures of longitudinal RV systolic
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FIGURE 1 Right ventricular systolic function at rest and during peak dobutamine stress. In controls, dobutamine stress
led to significant augmentations in both a) tricuspid annulus systolic myocardial velocity (S′) and b) tricuspid annular
plane systolic excursion (TAPSE) (12.5±1.2 to 23.7±3.9 cm·s−1 and 2.4±0.2 to 3.1±0.5 cm, respectively). In pulmonary
arterial hypertension (PAH) patients, only S′ increased during dobutamine stress (9.7±2.6 to 14.3±4.6 cm·s−1) but no
significant augmentation in TAPSE was observed (1.7±0.4 to 1.8±0.4 cm). Subgroups of PAH subjects with depressed
TAPSE and S′ values at rest are indicated in red. #: p<0.0001; ¶: p=0.034; +: p=0.69.
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function have been demonstrated to predict prognosis in PAH [3, 26]. For this reason, we elected to study
these two particular RV indices for the present study, for both simplicity and potential clinical application.

The assessment of left ventricular contractile reserve using stress echocardiography is a well-established
technique for left heart disease [27]. The incremental prognostic value of left ventricular contractile reserve
over resting measurements has been demonstrated for ischaemic heart disease, valvular heart disease and
idiopathic dilated cardiomyopathy [13, 28, 29]. Only two previous studies have specifically evaluated RV
contractile reserve in PAH and employed exercise Doppler echocardiography protocols [7, 17]. In the
study by GRUNIG et al. [7], RV contractile reserve was assessed indirectly by the augmentation of PAP
during exercise, rather than by direct measurements of RV function. PAH patients who were able to
augment PAP above the median value of 30 mmHg had a significantly improved prognosis on follow-up.
The physiological basis of exercised-induced PAP augmentation as a surrogate parameter of contractile
reserve is based on the premise that any increase in PAP during exercise results from an increase in
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cardiac output, which in turn is a reflection of the ability of the RV to increase its stroke volume under
stress. In another study, ALMEIDA et al. [17] made direct measurements of RV systolic function during
treadmill exercise. They found ΔS′ and ΔTAPSE augmentations in PAH patients of 4.3±3.3 cm·s−1 and
0.06±0.25 cm, respectively; values very similar to those disclosed by dobutamine stress in our study.

The use of low-dose dobutamine stress echocardiography is potentially a simpler and more appealing
modality for the bedside assessment of RV contractile reserve, compared to exercise stress. Exercise
echocardiography is technically challenging for the RV and particularly so in the breathless patient due to
respiratory motion and the need for rapid image acquisition during exercise. With dobutamine stress
echocardiography we were able to obtain, with sufficient quality, direct measurements of RV function in
all subjects at peak stress, rather than rely on a surrogate marker such as exercise-induced PAP
augmentation. Furthermore, direct measurement of RV function is likely to be preferable, as PAP
augmentation during exercise is not only on dependent RV stroke volume reserve, but also on the
individual patient’s chronotropic response and the slope of the pressure–flow relationship of the
pulmonary circulation during exercise [30].

It was of interest that we found a significant correlation between contractile reserve measured by ΔS′ and
peak V′O2. Even though patients with PAH may present with mild-to-moderate ventilation/perfusion
mismatch abnormalities, the main determinant of exercise capacity is right ventricular function (and
cardiac output) [31]. In PAH, exercise capacity is dependent on the ability of the RV to respond to the
increase in cardiac output required for the metabolic requirements of exercise [32]. Thus, it is perceivable
that measures of RV contractile reserve may, therefore, be coupled with exercise capacity. The lack of
correlation between ΔTAPSE with exercise capacity may be due to a number of factors. Although TAPSE
and S′ both represent measures of longitudinal contraction at the tricuspid annulus, they are
fundamentally different in that TAPSE measures the distance and S′ measures the peak velocity of systolic
contraction. For this reason, it is likely that S′ may be more sensitive to the inotropic effects of
dobutamine and, thus, may better reflect augmentation of RV stroke volume compared to TAPSE.
Furthermore, studies in healthy subjects indicate that exercise stress augments TAPSE by ∼20% relative to
baseline (∼0.5 cm) but S′ increases by ∼80% (∼10 cm·s−1) [17]. Thus, the relatively small augmentation in
TAPSE (even in normal subjects) suggests that assessment of RV reserve using TAPSE may suffer from
larger noise-to signal ratio compared to S′. In fact, our study found that TAPSE did not change
significantly following dobutamine stress in PAH patients, which is concordant with the findings of the
recent exercise study by ALMEIDA et al. [17].

Limitations
The major limitation of our study was a relatively small number of subjects. However, this was an
exploratory study to determine the feasibility, safety and potential utility of low dose dobutamine stress
echocardiography for the assessment of RV contractive reserve in PAH and had sufficient power for clear
separation of groups. We acknowledge that both TAPSE and S′ have drawbacks as measurements of RV
function, as ideal measures of ventricular contractility should be load independent, such as end-systolic
ventricular elastance derived from invasively measured pressure–volume loops. Nevertheless, longitudinal
measures of RV systolic function are simple and reproducible parameters that are utilised widely in clinical
practice and, at present, there remains no ideal load-independent measurement of RV function using
two-dimensional echocardiography. It remains to be determined whether such longitudinal measures of
RV systolic function are sufficient to characterise RV contractile reserve.

We did not assess contractile reserve using other RV parameters, such as fractional area change, Tei-index
or tricuspid annulus isovolumic acceleration. Our own experience and that of other authors has found
fractional area change to suffer from large interobserver variations [33], often the result of difficulty in
clearly defining endocardial borders due to RV trabeculations. Furthermore, accurate measurement of RV
area is limited by the complex geometry of this chamber. Both Tei-index and isovolumic acceleration have
large variability depending on heart rate and, thus, we avoided these parameters due to the chronotropic
effects of dobutamine (as would also apply to exercise).

Our dobutamine stress echocardiography protocol represents a modification of the protocol used for
assessment of myocardial ischaemia, which conventionally employs dobutamine doses up to 40
μg·kg−1·min−1 with or without additional atropine [34]. Patients with severe PAH may not tolerate
extreme heart rates and induction of arrhythmias is also of particular concern in this study. Our protocol,
with a peak dose of 20 μg·kg−1·min−1 and limiting heart rate to a maximum of 120 beats·min−1, appeared
generally safe and well tolerated. It has been demonstrated that a heart rate of around ∼120 beats·min−1 is
also close to the maximum response in severe PAH patients because of decreased chronotropic response [35].
The optimal dosing protocol of dobutamine stress for the assessment of RV contractile reserve in PAH
requires further clarification.
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Not all PAH patients underwent cardiopulmonary exercise testing, which could have had an influence on
our overall results concerning the relationship between RV contractile reserve and exercise capacity.
Finally, larger prospective studies are required to determine the clinical relevance of different
echocardiography derived parameters of RV contractile reserve, the limits of normal contractile reserve in
healthy individuals, and whether threshold values of RV contractile reserve can be predictive of poorer
outcomes in PAH.

Conclusions
We demonstrate that patients with PAH exhibit markedly diminished RV contractile reserve during
dobutamine stress echocardiography, and abnormal stress responses occur even in those with relatively
preserved resting RV systolic function. RV contractile reserve correlates with exercise capacity, suggesting
the potential clinical value of measures of RV contractile reserve beyond resting measurements.
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