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Abstract

Introduction. Right heart catheterization remains the gold standard for the differentiation of pre-capillary from post-capillary
pulmonary hypertension. We sought to assess if a new echocardiographic parameter, the atrial workload distribution, can dis-
criminate between the two forms. This parameter is defined as the transmitral E-wave/septal mitral annular Doppler Tissue
Imaging e’-wave ratio multiplied by the ratio between left atrial (LA) volume and right atrial (RA) volume: (E/¢’) x (LA vol-
ume/RA volume). Methods. We divided 50 patients into two groups: the pre-capillary group had 23 patients with pulmonary
arterial hypertension confirmed at cardiac catheterization; the post-capillary group had 27 patients with pulmonary hyperten-
sion and significant left heart disease. We compared various echocardiographic parameters between these groups. Results.
The right atrial volume was higher in the pre-capillary group: 107.83 + 67.25 versus 78.93 £ 41.75 (p=0.082). The left atrial
volume and the E/e’ ratio were significantly higher in the post-capillary group: 112.26 + 45.64 versus 43.22 + 16.39 (p<0.0001)
and 20.85 + 8.85 versus 8.49 + 3.09 (p<0.0001), respectively. The atrial workload distribution was significantly higher in the
post-capillary group: 31.37 + 15.04 versus 5.18 + 3.82 in the pre-capillary group (p<0.0001). Using ROC analysis, a cut-off
value of 12.71 provided excellent discrimination (AUC=0.997) between the two groups (sensitivity=100%, specificity=94%).
Conclusion. The atrial workload distribution is a simple echocardiographic parameter, which seems to be a useful tool in the
differential diagnosis of pulmonary hypertension. Further investigation is necessary in order to establish its potential to reduce
the need for cardiac catheterization.
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Introduction

Pulmonary hypertension remains a potentially fatal

. and under-recognized problem, each form of pul-
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have emerged over the last decade, providing substan-
tial clinical benefit for the patients and improving
prognosis [1, 2].

Right heart catheterization is the gold standard
for thorough assessment of patients with pulmonary
hypertension and current guidelines [3] support the
invasive measurement of pulmonary arterial pressure,
pulmonary vascular resistance, pulmonary arterial
wedge pressure, diastolic pressure gradient (diastolic
pulmonary arterial pressure minus mean pulmonary
arterial wedge pressure) and cardiac output as part of
a comprehensive evaluation of patients with pul-
monary hypertension. Pulmonary hypertension is cur-
rently defined as the increase in mean pulmonary
arterial pressure > 25 mm Hg at rest assessed by right
heart catheterization.

A hemodynamic classification is routinely used,
which distinguishes between two forms of pulmonary
hypertension. Pre-capillary pulmonary hypertension
is defined as mean pulmonary arterial pressure > 25
mm Hg with normal pulmonary arterial wedge pres-
sure (< 15 mm Hg); it is an obliterative pulmonary
vasculopathy which affects the small arteriolar com-
partment and it can be idiopathic or related to
parenchymal lung disease, chronic thromboembolic
pulmonary hypertension, connective tissue disease or
congenital heart disease. Post-capillary pulmonary hy-
pertension is defined as mean pulmonary arterial
pressure > 25 mm Hg with elevated pulmonary arte-
rial wedge pressure (> 15 mm Hg) and it is the direct
result of passive backward transmission of elevated
left-sided filling pressures into the pulmonary venous
circulation. This venous congestion is usually encoun-
tered in left heart disease and it consequently deter-
mines elevated pulmonary artery pressures. This
second group may present with isolated post-capillary
pulmonary hypertension (diastolic pressure gradient
<7 mm Hg and pulmonary vascular resistance < 3
Wood Units) or with combined post-capillary and pre-
capillary pulmonary hypertension (diastolic pressure
gradient > 7 mm Hg and/or pulmonary vascular re-
sistance > 3 Wood Units); these two entities seem to
be in fact a pathophysiological continuum [4].

This hemodynamic differentiation between pre-
capillary and post-capillary physiology is important be-
cause while patients with pulmonary arterial
hypertension may be treated with targeted therapies,
their use in post-capillary pulmonary hypertension is
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currently not recommended as they failed to demon-
strate any benefit in clinical trials [5, 6]. Guidelines
highlight that the centerpiece of post-capillary pul-
monary hypertension management is the optimal
treatment of the underlying disease [3].

Although right heart catheterization can accu-
rately differentiate pre-capillary from post-capillary
pulmonary hypertension, it remains an invasive
method with its own risks, limited indications and far
less availability when compared to transthoracic
echocardiogram, which is a safe, cost-effective, and
easy to perform at bedside imaging modality. Echocar-
diography remains the main screening tool for pa-
tients suspected of having pulmonary hypertension.
Although it can accurately measure neither the pul-
monary arterial pressure [7], nor the pulmonary arte-
rial wedge pressure, it assesses both the probability of
pulmonary hypertension through estimation of right
ventricular systolic pressure and the hemodynamic
impact on right ventricular function. Several methods
[8, 9] for the echocardiographic estimation of mean
pulmonary arterial pressure have been studied, with
promising results. The ability of standard echocardio-
graphic evaluation to differentiate between pre-capil-
lary and post-capillary pulmonary hypertension has
been intensely debated, but no algorithm has been
validated so far.

The Atrial Workload Distribution — A New

Parameter

We sought to assess if a new echocardiographic pa-
rameter, the atrial workload distribution, which is easy
to obtain and interpret, can differentiate between the
two forms of pulmonary hypertension. This parameter
is defined as the ratio between the transmitral E-wave
and the septal mitral annular Doppler Tissue Imaging
e’-wave multiplied by the ratio between left atrial vol-
ume (LA vol) and right atrial volume (RA vol):

Atrial workload distribution = (E/ e') x [(LA vol)/
(RA vol)]

We hypothesized that in pre-capillary pulmonary
hypertension the right atrial volume would increase dis-
proportionately to the increase in left atrial volume,
while in post-capillary pulmonary hypertension the in-
crease in left atrial volume would be disproportionate
when compared to the increase in right atrial volume,
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as pulmonary hypertension in the latter case is a direct
consequence of increased left atrial pressure. Conse-
quently, the ratio between left atrial volume and right
atrial volume would be a proper fraction in the post-
capillary group and an improper one in the pre-capil-
lary group. Left atrial pressure (and therefore the E/¢’
ratio) is increased in post-capillary pulmonary hyper-
tension, while no significant elevations of left atrial
pressure are seen in pre-capillary hypertension. We
chose the name “atrial workload distribution” for the
newly defined parameter as the ratio E/e’ is a well-es-
tablished surrogate for left atrial pressure and because
work is defined in thermodynamics as the product be-
tween pressure and volume. Accordingly, our main hy-
pothesis was that the atrial workload distribution
would be higher in post-capillary than in pre-capillary
pulmonary hypertension.

Material and methods

Study Population

We included 50 patients in our study, dividing
them into two groups. The pre-capillary group con-
sisted of 23 consecutive patients referred to our clinic
for right heart catheterization, which confirmed the di-
agnosis of pulmonary arterial hypertension, according
to its definition in the current guidelines [3]: mean pul-
monary arterial pressure > 25 mm Hg, pulmonary ar-
terial wedge pressure < 15 mm Hg, pulmonary vascular
resistance > 3 Wood units. All patients were referred
to our unit from a Lung Disease Center, where signif-
icant lung disease and chronic thromboembolic pul-
monary hypertension had been previously excluded.
Following right heart catheterization, transthoracic
echocardiographic evaluation was performed for all pa-
tients within 24 hours.

The post-capillary group consisted of 27 patients
from our daily clinical practice with significant left
heart disease (either severe aortic stenosis, severe mitral
regurgitation or severe left ventricular systolic dysfunc-
tion) and high probability [3] of pulmonary hyperten-
sion assessed by echocardiography: either peak
tricuspid regurgitation velocity over 3.4 m/s, or peak
tricuspid regurgitation velocity between 2.9 and 3.4
m/s combined with other echocardiographic signs of
pulmonary hypertension. Patients with coexisting res-
piratory disease and/or history of pulmonary em-
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bolism were not considered eligible. The patients from
the post-capillary group did not undergo cardiac
catheterization as there was no clear indication accord-
ing to current guidelines [10]. All patients underwent
echocardiographic examination using conventional
and special echocardiographic techniques.

Basic demographic data, past medical history and
blood test results were collected from their medical
records by 3 investigators. The study was approved by
the human research committee of our hospital and in-
formed consent was obtained from each patient.

Echocardiographic Assessment

Comprehensive echocardiographic examinations
were performed using Vivid 7 and Vivid E9 machines
with a 3.5 MHz transducer, according to current inter-
national recommendations [11]. All echocardiographic
images were digitally stored and 2 well-trained echocar-
diographers performed offline data analysis using ded-
icated software (GE EchoPAC BT 12). The reference
limits for all echocardiographic parameters were chosen
according to the current guidelines [12].

The right atrial volume was measured in the apical
4 chamber view using the area-length method. The tri-
cuspid regurgitant velocity was calculated using contin-
uous- wave Doppler in multiple views and the
maximum value was the one reported in the database,
regardless of the view in which it was obtained. The left
atrial volume was measured in the apical 4- and 2-cham-
ber views, using the biplane area-length method. The
transmitral pulsed-wave Doppler E-wave and the septal
mitral annular Doppler Tissue Imaging e’-wave were
obtained from the apical 4-chamber view. 3-5 beats of
Doppler-derived data were averaged as required [12].

Statistical Analysis

All statistical analysis was performed using SPSS
version 17.0 statistical software package. Continuous
variables were summarized as mean * standard devia-
tion. We used T test to compare the atrial workload dis-
tribution and other echocardiographic parameters
between the two groups. P-values <0.05 were consid-
ered significant. We performed receiver operating char-
acteristic analysis to identify the optimal cut-off value
for maximum sensitivity and specificity (to discriminate
between pre- and post-capillary pulmonary hyperten-
sion) and to calculate the area under the curve (AUC)
as a measure of discriminating power.

©The Author(s) 2018
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Table 1. Baseline characteristics of the two groups. Values are numbers of patients; percentages are given in parentheses. N= number of

patients

Pre-capillary group Post-capillary group

(N=23)

Male
Female
Main underlying etiology
¢ Dilated cardiomyopathy

e Severe aortic stenosis

e Severe mitral regurgitation

7 (30.43%)

16 (69.57%)

Total
(N=27) (N=50)

17 (62.96%)

24 (48%)

10 (37.04%) 26 (52%)
15 (55.55%)
10 (37%)

2 (7.45%)

Results

Baseline Characteristics

A total of 50 patients were included, 48% of which
were male, with a mean age of 63 + 15.35 years and an
age range of 26 to 90 years. The patients in the pre-cap-
illary group were younger than the patients in the post-
capillary group: 55 + 14.19 years versus 69 + 13.29
years, respectively (p=0.001). Right heart catheteriza-
tion confirmed pulmonary arterial hypertension in all
patients in the pre-capillary group, which were subse-
quently referred to the Lung Disease Center for specific
targeted therapies. Among these patients, 21 (91.3%)
had idiopathic pulmonary arterial hypertension and 2
(8.7%) had connective tissue disease.

The main underlying left heart disease in the post-
capillary group was dilated cardiomyopathy with severe
left ventricular systolic dysfunction (55.55% of the pa-
tients), followed by severe degenerative aortic stenosis
(37%) and severe organic mitral regurgitation (7.45%).
Among the patients with dilated cardiomyopathy, the
majority had ischaemic heart disease as the underlying
etiology, while others had idiopathic or familial forms
of dilated cardiomyopathies. All these patients had op-
timal medical treatment according to current guide-
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lines of heart failure [13], including cardiac resynchro-
nization therapy when eligible.
The patients’ baseline characteristics are summa-

rized in Table 1, Fig. 1 and Fig. 2.

Echocardiographic Findings

We performed standard echocardiographic meas-
urements for all patients and we compared various pa-
rameters between the two groups (Table 2). The right
atrial volume was higher in the pre-capillary group:
107.83 £ 67.25 versus 78.93 + 41.75 (p=0.082). The left
atrial volume, on the other side, was significantly
higher in the post-capillary group: 112.26 + 45.64 ver-
sus 43.22 + 16.39 (p<0.0001). The ratio between trans-
mitral E-wave and septal mitral annular Tissue Doppler
e’-wave (E/e’ ratio) was higher in the post-capillary
group: 20.85 £ 8.85 versus 8.49 + 3.09 (p<0.0001). The
atrial workload distribution, as defined above, was sig-
nificantly higher in the post-capillary group: 31.37 +
15.04 versus 5.18 + 3.82 in the pre-capillary group
(p<0.0001).

By receiver operating characteristic analysis we at-
tempted to find a cut-off value for this parameter,
which should help in discriminating between pre-cap-
illary and post-capillary pulmonary hypertension.
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Figure 1. Etiology of pulmonary arterial hypertension in the pre-capillary group. Numbers indicate sample size in percentages for every eti-

ology.

Using receiver operating characteristic analysis, a cut-
off value of 12.71 provided excellent discrimination

(area under the curve=0.997) between the two groups
(sensitivity=100%, specificity=94%) (Fig. 3).
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B Aprtic stenosis

® Mitral regugitation

B Ischaemic
cardiomyopathy

B Left ventricular
noncompaction

® Jdiopathic
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Figure 2. Underlying left heart disease in the post-capillary group. Numbers indicate sample size in percentages for every underlying con-

dition
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Table 2. Comparison of echocardiographic findings between the two groups. Values are mean # SD. Units of measurement are given in
p grap g group g
parentheses for every parameter, except for the E/e’ ratio and the atrial workload distribution, which are unitless. P<0.05 was considered

statistically significant

Parameter

AT (ms)

59.52 £ 18.54

Pre-capillary group Post-capillary group

71.72 £ 12.77 P=0.015

Vm (m/s) 4.25+1.06 3.59+0.36 P=0.009

RA volume (ml) 107.83 £ 67.25 78.93 + 41.75 P=0.082

LA volume (ml) 43.22 +£16.39 112.26 +45.64 P<0.0001

E/e’ 8.49 +3.09 20.85 + 8.85 P<0.0001

Thickness of RVFW (mm) 8+1.91 5.86+1.28 P<0.0001
Atrial workload distribution 5.18+3.82 31.37+ 15.04 P<0.0001

AT=pulmonary valve acceleration time (measured in short-axis view); Vm= maximum tricuspid

regurgitation velocity calculated by continuous wave Doppler; RA=right atrium; LA=left atrium; E/e’= ratio

between transmitral E wave and mitral annular tissue Dopler e’ wave; RVFW=right ventricular free wall

(measured in subcostal view)

Both the left atrial volume and the E/e’ ratio,
which varied significantly between the two groups, had
slightly weaker discriminating power than the atrial
workload distribution. For the left atrial volume, a cut-
off value of 58 ml provided excellent discrimination
(area under the curve=0.930, sensitivity=88%, speci-
ficity=83%) (Fig. 4). For the E/e’ ratio, a cut-off value
of 11.6 provided excellent discrimination (area under
the curve=0.935, sensitivity=87%, specificity=80%)
(Fig. 5).

Discussion
Echocardiography is a reliable method for the non-in-
vasive assessment of the probability of pulmonary hy-

pertension [14]. In patients with left heart disease,

©The Author(s) 2018

pulmonary hypertension is a well-known complication
and its presence is typically associated with more severe
symptoms and worse prognosis [15, 16]. Routine right
heart catheterization for such patients is not necessary,
as the general principle for the management of pul-
monary hypertension in this setting is the optimal treat-
ment of the underlying leftsided heart disease.
Nevertheless, right heart catheterization may be con-
sidered in selected patients, when the hemodynamic
profile is not clear or when pulmonary hypertension is
disproportionate to the clinical picture.

In patients with pulmonary arterial hypertension,
a high index of suspicion is needed, particularly in the
early stages of the disease, given the nonspecific and
often misleading symptoms. Consequently, echocardio-
graphy is a pivotal noninvasive screening tool for pa-
tients suspected of having pulmonary hypertension
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Figure 3. Receiver operating characteristic (ROC) analysis of the atrial workload distribution. A cut-off value of 12.71 had excellent dis-

criminating power between the pre-capillary group and the post-capillary group: sensitivity=100%, specificity=94%, area under the curve

(AUC)=0.997

[17], while also being used in prognostic evaluation
[18]. Right heart catheterization remains the gold stan-
dard for diagnosing pre-capillary pulmonary hyperten-
sion, assessing the severity of the disease and
monitoring the response to specific therapies.

Several equations for the non-invasive measure-
ment of pulmonary vascular resistance have been stud-
ied [19-23] and echocardiographic surrogates for
increased pulmonary vascular resistance (>3 Wood
units) have been proposed, namely pulmonary artery
acceleration time < 90 ms [24] or the presence of a
midsystolic notch of the right ventricular outflow tract
Doppler flow velocity envelope [25]. On the other
hand, elevated pulmonary arterial wedge pressure as a
direct consequence of elevated left atrial pressure can
be predicted using the transmitral flow profile and
Doppler tissue imaging of the mitral annulus [26, 27].

28

Understanding the physiology and hemodynamics
of heart and pulmonary circulation is crucial for differ-
entiating between pre-capillary and post-capillary pul-
monary hypertension [28]. The atrial workload
distribution is a simple, reproducible parameter, easy
to obtain during a standard transthoracic examination.
The rationale of this parameter lies in the assessment
of left heart filling pressures, which represent the cen-
terpiece of the hemodynamic differentiation between
the two forms of pulmonary hypertension. In the post-
capillary form, features of pulmonary hypertension are
usually less prominent because of both left-sided and
rightsided elevated filling pressures [29]. Our hypoth-
esis was that the E/¢’ ratio and the left atrial volume
(both markers of elevated left atrial pressure) would rise
disproportionately to the right atrial volume and thus
the atrial workload distribution would be high in post-

©The Author(s) 2018
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Figure 4. Receiver operating characteristic (ROC) analysis of the left atrial volume. A cut-off value of 58 had excellent discriminating

power between the pre-capillary group and the post-capillary group: sensitivity=88%, specificity=83%, area under the curve (AUC)=0.930

capillary pulmonary hypertension. In the pre-capillary
form, left atrial pressure will be normal or low in the
absence of left heart disease, while the elevated PVR
will have an impact on the right heart cavities” dimen-
sions. Consequently, the atrial workload distribution
will be low in pre-capillary pulmonary hypertension.
Our study validated our hypothesis, as the atrial work-
load distribution was significantly higher in the post-
capillary than in the pre-capillary group (p<0.0001),
and the receiver operating characteristic analysis
showed an excellent discriminating power (area under
the curve = 0.997) for the cutoff value of 12.71. Fur-
thermore, the atrial workload distribution had a greater
discriminating power than its constituents; this might
be explained by the divergent changes of its con-
stituents in the two forms of pulmonary hypertension.

©The Author(s) 2018

Over the last few years, two echocardiographic al-
gorithms have been proposed for the differentiation be-
tween pre- and post-capillary pulmonary hypertension.
The algorithm proposed by D’Alto et al.[30] takes into
consideration five variables: right versus left heart
chamber size, left ventricular eccentricity index, inferior
vena cava diameter and collapsibility, mitral E/e’ ratio,
and right ventricular apical configuration. The algo-
rithm proposed by Opotowsky et al.[31] is based on a
combination of the following echocardiographic pa-
rameters: E/¢’ ratio, left atrial dimensions and midsys-
tolic notching or acceleration time of the right
ventricular outflow tract flow velocity. Both scores
showed good discriminating power between the two
forms of pulmonary hypertension. Recently, Scalia et
al.[32] showed that a new echocardiographic parameter,
ePLAR, defined as the maximum tricuspid regurgita-
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Figure 5. Receiver operating characteristic (ROC) analysis of the E/e’ ratio. A cut-off value of 11.6 had excellent discriminating power be-
tween the pre-capillary and the post-capillary group: sensitivity=87%, specificity=80%, area under the curve (AUC)=0.935

tion velocity divided by the E/¢’ ratio, is able to accu-
rately differentiate pre-capillary from post-capillary pul-
monary hypertension.

The atrial workload distribution has greater dis-
criminating power by receiver operating characteristics
analysis (area under the curve = 0.997) than the newly
defined parameter, ePLAR (area under the curve =
0.870) and the D’Alto (area under the curve = 0.756)
and Opotowsky (area under the curve = 0.881) predic-
tion rules. Moreover, the atrial workload distribution
is much easier to obtain and less time-consuming than
the above-mentioned scoring systems.

Study Limitations

The main limitation of the study is the absence of
a normal reference value for the atrial workload distri-
bution. Another limitation is the absence of right heart
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catheterization in the post-capillary group, making thus
impossible further classification of the hemodynamic
pattern into isolated post-capillary and combined pre-
capillary and post-capillary. Even if all patients in the
pre-capillary group underwent right heart catheteriza-
tion, the echocardiographic data acquisition was not
simultaneous with the invasive measurements, making
data interpretation susceptible to variable loading con-
ditions.

There is also a potential selection bias of the pa-
tients. On the one hand, the patients in the pre-cap-
illary group were all referred for suspicion of
pulmonary arterial hypertension, after exclusion of
lung disease and chronic thromboembolic pulmonary
hypertension. On the other hand, patients in the
post-capillary group had either severe left systolic dys-
function or severe valvular disease; we did not include

©The Author(s) 2018



in our study patients with diastolic dysfunction only.
Further studies are needed to see if the utility of atrial
workload distribution extends to other forms of pre-
capillary pulmonary hypertension and to patients
with heart failure with preserved ejection fraction.
Last but not least, this is a single-centre experience
with a small number of patients and a retrospective
analysis of clinical data.

Conclusions

Comprehensive assessment of patients with pulmonary
hypertension relies on the integration of clinical evalu-
ation with imaging tools and invasive hemodynamic
data; the differentiation between pre-capillary and post-
capillary pulmonary hypertension is a major challenge
in these patients’ workup. Targeted therapies are effec-
tive only in pulmonary arterial hypertension, situation
which warrants early initiation of treatment and they
have no benefit in post-capillary pulmonary hyperten-
sion, making a correct diagnostic necessary in order to
avoid starting an expensive, ineffective and potentially
harmful treatment.

Transthoracic echocardiography is an optimal
screening tool, being widely available, safe and cost-ef-
fective. Furthermore, it plays an important part in
monitoring the efficacy of treatment and in prognostic
assessment. Easy, reproducible echocardiographic
measurements able to discriminate between the two
forms of pulmonary hypertension are of the utmost im-
portance. The atrial workload distribution is derived
from simple measurements, which are routinely ob-
tained during a standard echocardiographic study. In
our study, this parameter proved to have an excellent
discriminating power between the two forms of pul-
monary hypertension. The simplicity and utility in clin-
ical practice makes the atrial workload distribution a
useful tool for the non-invasive differential diagnosis
of pulmonary hypertension. Consequently, it has the
potential to reduce the need for right heart catheteri-
zation, should it be validated in larger studies.
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