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Abstract
Introduction: Measurement of pulmonary vascular resistance (PVR) is essential in evaluating a patient with pulmonary hypertension.
Material and methods: Data from right heart catheterization (RHC) and
echocardiograms performed within 90 days of each other on 45 non-consecutive adult patients were reviewed in this retrospective study. Patients
were recruited using an assortment of strategies to ensure the presence of
patients with a wide range of PVR.
Results: The linear regression equation between RHC-derived PVR and echocardiographic pulmonary arterial elastance (PAE) was: PVR = (562.6 × PAE)
– 38.9 (R = 0.56, p < 0.0001). An adjustment for echocardiographic PAE
was made by multiplying it by hemoglobin (in g/dl) and (right atrial area)1.5
(in cm 3). As RHC-derived PVR varies with blood hemoglobin, an adjustment
for PVR was made for hemoglobin of 12 g/dl. Visualization of the XY scatter
plot of adjusted PVR and adjusted PAE isolated a subset of patients with
PVR higher than 8.8 Wood units, where a strong linear relationship existed
(adjusted PVR = (0.89 × adjusted PAE) + 137.4, R = 0.89, p = 0.008).
Conclusions: The correlation coefficient of the regression equation connecting echocardiographic PAE and RHC-derived PVR was moderate. In a subset
of patients with very high PVR and after appropriate adjustment, a strong
linear relationship existed with an excellent correlation coefficient.
Key words: pulmonary vascular resistance, pulmonary arterial elastance,
echocardiography.

Introduction
Measurement of pulmonary vascular resistance (PVR) is important in
evaluating pulmonary hypertension (PH). The PVR derived by right heart
catheterization (RHC) is regarded as the gold standard. However, as RHC
is invasive and may be infeasible in some patients, non-invasive indices
of PVR are needed. Non-invasive indices should distinguish with high
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accuracy the patients with low PVR from those
with high PVR. Also, they should be precise over
a broad range of PVR. Such non-invasive indices
may help in assessing vasodilator reactivity and in
monitoring treatment response.
The following indices among others have been
used to predict PVR by using linear regression
equations [1, 2]: [SPAP/(HR × VTIRVOT)] and TRJVPEAK/VTIRVOT, where SPAP – systolic pulmonary
arterial pressure, HR – heart rate, VTIRVOT – velocity time integral of flow through right ventricular
outflow tract; and TRJVPEAK – peak tricuspid regurgitant jet velocity. Equations derived from these
indices have moderate correlation coefficients.
However, a linear equation may not work if units
on two sides of the equation are vastly different.
Compared to the unit of dyne × s/cm5 for PVR, the
unit is dyne/(s × cm3) for [SPAP/(HR × VTIRVOT)] and
s–1 for peak TRJV/VTIRVOT. A polynomial equation
might be a better approach. Or, a predictor with
a unit similar to that of PVR would be more appropriate.
Pulmonary arterial elastance (PAE) is defined
as pulmonary artery pulse pressure (PP) divided
by stroke volume (SV). The PP is the difference
between SPAP and DPAP (diastolic pulmonary artery pressure). Units of PAE include dyne/cm5 and
mm Hg/ml. We hypothesized that echocardiographic PAE may be a superior predictor of PVR
compared to the aforesaid indices, and may provide a linear equation which remains accurate
over a wide range of PVR.
The aim of this retrospective study was to assess the relationship between echocardiographic
PAE and RHC-derived PVR values (by obtaining an
XY scatterplot of those values, and performing appropriate regression analyses between them).

Material and methods
Study population
Five hundred and forty-eight patients underwent RHC from April 1, 2011 until March 31,
2012. Every third patient on the list of 548 patients (which was in the alphabetical order of
the last name) was retrospectively evaluated on
the electronic medical records for the presence
of echocardiographic and RHC data. Our target
number of patients to screen was 183. If echocardiographic data on a patient were missing on
the electronic medical records (as they might have
been performed at an outside facility), that patient was excluded. Other exclusion criteria were:
1) performance of cardiac surgery between the
dates of echocardiography and RHC, 2) presence
of data indicative of initiation of pulmonary vasodilators between the dates of echocardiography
and RHC, 3) lack of adequate tricuspid valve and/

or pulmonary valve regurgitation jets, presence of
an intracardiac shunt, presence of severe tricuspid
regurgitation or pulmonary regurgitation, presence of pulmonic stenosis, or presence of more
than mild aortic insufficiency or mitral regurgitation, 4) lack of cardiac output obtained by the
Fick method on RHC – as we intended to use only
Fick method derived PVR for our study), 5) use of
mechanical ventilation/inotropes/pressors at the
time of performance of echocardiography or RHC,
and 6) the difference between echocardiography
and RHC performance dates being greater than
90 days. Out of 183 patients, only 37 could be included due to the exclusion criteria mentioned in
the above paragraph.
We anticipated that the vast majority of patients
in the above-mentioned list would have normal to
moderately high PVRs, although an ideal method of
selection would involve studying all consecutive patients over a time period, and hoping that patients
with all ranges of PVRs in adequate numbers would
fall in that group. However, patients who have higher PVR are relatively few due to rarity of the diseases
having this state. In order to include more patients
with high PVR for the final analysis, we used the following strategies: 1) We contacted the pulmonary
hypertension specialist practicing in our hospital to
provide a list of the patients who were on treatment
for pulmonary arterial hypertension. Out of 11 such
patients, only 5 could be included due to the exclusion criteria mentioned in the above paragraph.
2) We screened for any additional patients with
high PVR (greater than 200 dyne × s/cm5) from
a list of inpatients who were admitted from April
1, 2011 until March 31, 2012 and had the discharge
diagnosis ICD-9 codes of 416.0 and 416.8. ICD-9
codes 416.0 and 416.8 stand for primary pulmonary hypertension and other chronic pulmonary
heart diseases, respectively. Out of 126 patients,
only 5 had high PVR. Out of those 5 patients, only
1 additional patient could be included due to the
exclusion criteria mentioned in the above paragraph. 3) We obtained a list of inpatients from the
Department of Pharmacy in the foresaid period
who underwent treatment with a pulmonary hypertension medication (epoprostenol, treprostinil,
bosentan, ambrisentan, and sildenafil), and the
list was screened for any additional patients with
high PVR (greater than 200 dynes × s/cm5). Out of
12 such patients, only 2 could be included due to
the exclusion criteria mentioned in the above paragraph.
When multiple echocardiograms and/or RHCs
had been performed during the study period on
any patient, only one pair of echocardiogram and
RHC which was closest together in duration was
selected. No patient was included twice in the final list. The final list had 45 patients.
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Measurements
The following formulae were used to compute
PAE (simplified modified Bernoulli equation was
used where needed): SPAP = 4 × (TRJVPEAK)2 + RAP (i)
(RAP – right atrial pressure); DPAP = 4 × (PRJVED)2
+ RAP (ii) (PRJVED = pulmonary valve regurgitant
jet velocity at end diastole); and PP = SPAP – DPAP
= 4 [(TRJVPEAK)2 – (PRJVED)2] (iii).

Equation (iii) eliminates the need
for estimating RAP
Assuming there is no intracardiac shunt, SV
from the right ventricle (RV) and left ventricle
(LV) are expected to be the same as RV and LV
are in series. Left ventricular outflow tract (LVOT)
flow velocity profile using pulse wave Doppler is
almost always obtained in the echocardiograms
performed in our hospital. The RVOT flow velocity
envelopes, if obtained, are obtained by continuous
wave Doppler, which would not be as accurate as
the ones obtained by pulse wave Doppler. Due to
the above-mentioned reasons, we used the following formula for SV [3]: SV = VTILVOT × cross-sectional area of LVOT (iv). Thus, PAE = PP/SV =
(4 [(TRJVPEAK)2 – (PRJVED)2])/(VTILVOT × cross-sectional
area of LVOT) (v).
The echocardiographic estimation of a pressure gradient between RV and RA by using a simplified Bernoulli equation (as in equations (i) and
(ii)) may be affected by the following two phenomena. Firstly, there is a well-described pressure recovery effect in which inertial forces cause
some of the pressure to recover after the passage through a narrow valve. Thus, true pressure
gradient is reduced [4]. An RHC measurement
would pick up this true pressure gradient. However, an echocardiographic estimation based on
a simplified Bernoulli equation (utilizing TRJVPEAK)
would overestimate the pressure gradient. Inertial forces are greater when the volume of the
receiving chamber (in this case, the right atrium)
is smaller [4]. Secondly, the simplified Bernoulli equation ignores the viscosity factor – which
is a part of the unabridged Bernoulli equation.
Viscosity of blood is most strongly influenced by
its hemoglobin concentration [5, 6]. When the
viscosity factor is high, using a simplified Bernoulli equation would result in underestimation
of the true pressure gradient. We adjusted the
simplified Bernoulli equation derived pressure
gradient by multiplying it by a marker for viscosity and by right atrial (RA) volume. We took blood
hemoglobin level (Hb) as the marker for viscosity
[7]. The largest RA cross-sectional area was measured on an echocardiogram, and the RA was
assumed to be spherical. Thus, the volume was
calculated using equation (vi) derived as follows:
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RA volume = (4/3) × π × (RA radius)3 = (4/3) ×
π × (RA cross-sectional area/π)3/2 [Cross-sectional
area = π × (radius)2. Hence, radius = (cross-sectional area/π)1/2]. Thus, RA volume = [(4/3)/(√π)] × (RA
cross-sectional area)3/2 (vi).
As the Pearson coefficient of correlation remains unaffected if all the values on one particular axis are changed in the same proportion [8], we
dropped the [(4/3)/(√π)] factor. Thus, the adjusted
echocardiographically estimated pressure gradient between two chambers was: adjusted pressure gradient = (echocardiographically estimated pressure gradient) × Hb × (RA cross-sectional
area)3/2 (vii).
The unit on the right hand side of equation (vii)
remains the same as those for pressure despite
this adjustment, as using equation (vii) is akin
to adjusting the echocardiographically estimated
pressure to a hypothetical patient with 1 g/dl of
blood Hb and 1 cm3 of RA volume. Thus, the units
of Hb and RA volume cancel out in equation (vii).
As the above-mentioned viscosity adjustment
factor is the same for SPAP and DPAP, and if we ignore the effect of pressure recovery phenomenon
for smaller DPAP, the equation for adjusted PAE
may be derived from solving (iii) and (iv): adjusted
PAE = PAE × Hb × (RA cross-sectional area)3/2 (viii).
The PVR as measured by RHC is also affected
by Hb. Resistance as per Poiseuille’s law is directly proportional to the viscosity of the fluid. In the
case of blood, the predominant factor that determines the viscosity is Hb. Thus, a patient with
a similar degree of ‘pulmonary vascular disease’
will have different RHC-derived PVRs, if Hb is different [9]. We adjusted all RHC measured PVRs
for our final analysis to Hb of 12 g/dl, using the
following equation [10]: adjusted PVR = [PVR ×
273.28]/[1 + (5.05 × Hb) + (1.47 × Hb2)] (ix).
Based on equation (ix), in a hypothetical patient,
an RHC-measured PVR of 200 dyne × s/cm5 at Hb of
8 g/dl will change to about 600 dyne × s/cm5 if Hb
increases to 15 g/dl, assuming all other variables
remain unchanged. The nature of the relationship
on linear regression analysis, the Pearson coefficient of correlation, and the p value would not have
changed if any other Hb had been used [8].
All echocardiographic measurements, based on
American Society of Echocardiography guidelines,
were made by a physician who was blinded to the
results of RHC. Two-dimensional Doppler echocardiography was performed using the Philips iE33
ultrasound system (Philips Medical Systems, Andover, MA). Continuous-wave Doppler was used
to obtain the TRJVPEAK and the PRJVED. Spectral
Doppler gain was appropriately adjusted to avoid
overestimation or underestimation of maximal velocities. The highest velocity obtained from multiple views was used. Flow velocity envelope of the
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left ventricular outflow tract (LVOT) was obtained
by pulse wave Doppler. Velocity timed integral of
LVOT (VTILVOT) was obtained from LVOT flow velocity envelope. Diameter of LVOT was obtained from
parasternal long axis view as per the ASE guidelines. In patients with atrial fibrillation, the average of three measurements was used. The largest
right atrial cross-sectional area was obtained from
the apical four chamber view. Right atrial pressure (RAP) was measured as per American Society
of Echocardiography recommendations [11]. All
measurements were made by a physician (SD),
who was blinded to the results of RHC.
The study was approved by the Institutional Review Board at our hospital (Westchester Medical
Center, Valhalla, NY – approval number L-10,457).

Statistical analysis
The GraphPad Prism 6.0 software package was
used for the statistical analysis. Linear regression
was done when appropriate. Pearson coefficient
of correlation was calculated when appropriate.
One-way ANOVA was used for continuous variables, and χ2 test for multiple groups was used for
categorical variables. A p value less than 0.05 was
considered significant.

Results
Baseline characteristics are described in Table I.
The median interval between the paired echocardiogram and RHC was 1 day, with a range of 0–75
days. A scatter plot demonstrating the relationship between PAE and PVR is shown in Figure 1.
The Pearson correlation coefficient was moderate,
but statistically significant: PVR = (562.6 × PAE) +
38.9 (R = 0.56, p < 0.0001) (x).
A scatter plot of PVR adjusted for Hb (PVRadj)
and echocardiographic PAE adjusted for Hb and
RA size (PAEadj) is shown in Figure 2. The Pearson
coefficient of correlation was low, but statistically
significant): PVRadj = 0.098 × PAEadj + 295.4 (R =
0.41, p = 0.0048) (xi).
However, a visual analysis of the scatter plot
(Figure 2) revealed broadly two sets of data points.
The set of 7 data points demarcated by the top
bracket appeared to have a strong linear relationship. The set of 37 data points demarcated by the
bottom bracket appeared to have no relationship.
One particular data point (as depicted by the arrow) was an extreme value. The extreme value
was due to an extremely large RA cross-sectional area of 54 cm2. A preliminary visual analysis
of a scatter plot to explore the nature of the relationship and to explore whether more than one
relationship might exist is a necessary statistical
practice [8]. Also, it is recommended to further analyze data after pruning rare extreme values [12].

We separately analyzed the set of 7 data points in
the top bracket and the set of 37 data points in
the bottom bracket.
A scatter plot of the top 7 data points is shown
in Figure 3. The Pearson correlation coefficient
was excellent: PVRadj = 0.89 × PAEadj + 137.4 (R =
0.89, p = 0.008) (xii).
A scatter plot of the bottom 37 data points is
shown in Figure 4. The Pearson correlation coefficient was poor: PVRadj = 0.036 × PAEadj + 221.9 (R =
0.14, p = 0.468) (xiii).
Inter-observer variability analysis for the
echocardiographic measurements was done. Ten
echocardiograms from the study were randomly
chosen. One of the authors (JAM) blinded to all
findings reviewed the following measurements
again: TRJVPEAK, PRJVED, VTILVOT, and diameter of
LVOT. As these variables are continuous, Pearson
coefficients of correlation (R) were calculated to
assess inter-observer variability. R values were
0.98, 0.76, 0.88, and 0.71 for TRJVPEAK, PRJVED,
VTILVOT, and diameter of LVOT, respectively.

Discussion
We found a strong linear relationship between
PVR (adjusted for Hb of 12 g/dl) and echocardiographic PAE (adjusted for hemoglobin and RA
size), when PVRadj was very high [PVRadj > 706
dyne-s/cm5 (8.8 Wood units)]. We hypothesized
the following explanation for our result. Measurement of PVR ignores the crucial variable of closing
pressure of pulmonary vessels. The Starling resistor model best describes the pressure gradient
driving the flow in the easily distensible/collapsible pulmonary vessels (Figure 2). Due to the effects of alveolar pressure (for vessels lying close
to alveoli) and intrapleural pressure (for bigger extra-alveolar vessels), pulmonary vessels may close
at a pressure higher than the left atrial pressure
(top diagram in Figure 5). Flow (Q) is determined
by the gradient between an inflow pressure, or
mean pulmonary artery pressure (MPAP), and an
outflow pressure which is either closing pressure
(Pc) or left atrial pressure (Pla). When Pla is greater
than Pc, the MPAP versus Q relationship crosses
the origin (line A) and PVR is constant [bottom
left and right diagrams respectively]. When Pc is
greater than Pla, the MPAP versus Q relationship
has a positive pressure intercept (line B) and PVR
decreases in a hyperbolic fashion with increasing
Q [bottom left and right diagrams respectively].
Closing pressure cannot be measured during the
routine RHC. Without the knowledge of the closing pressure, PVR becomes an erroneous and inconsistent marker of the presence or severity of
pulmonary vascular disease of pre-capillary origin.
Pulmonary arteries and arterioles in pulmonary vascular diseases of pre-capillary origin

Arch Med Sci 4, August / 2014695

696

198.5 ±146.3
0.33 ±0.17
0.47 ±0.29
0.36 ±0.24

386.9 ±372.1
11.4 ±2.8

PVRadj [dyne × s/cm5]

PAERHC [mm Hg/ml]

Time constant [s]

PAEecho [mm Hg/ml]

PAEecho adjusted for Hb
and RA area [mm Hg/ml]

Blood hemoglobin [g/dl]

123.8 ±29.3

PRJV at end-diastole [cm/s]

146.8 ±27.5

337 ±79.4

30.4 ±15.7

13.9 ±1.7

3382.2 ±4329.4

1.1 ±0.6

0.45 ±0.1

1.86 ±0.93

1104.8 ±521.5

16 ±11.8

49 ±10.2

1347.4 ±507.2

IPAH, 4

50% (2/2)

62.0 ±25.7

8.9%

Pulmonary hypertension
on RHC (MPAP ≥ 25) with
WHO group 1 diagnoses
(n = 4)

130.2 ±30.3

297.6 ±46.7

21.7 ±7

11.2 ±2.4

685.8 ±483.1

0.58 ±0.3

0.48 ±0.26

0.56 ±0.29

328.6 ±208.9

20.3 ±6

33.2 ±5.2

264.4 ±135.5

Cardiomyopathy, 21
Valvular heart disease, 2
Cirrhosis, 1

58.3% (14/24)

67.0 ±14.4

53.3%

Pulmonary hypertension
on RHC (MPAP ≥ 25) with
WHO group 2 diagnoses
(n = 24)

215 ±33.9

360 ±9.9

29.2 ±1.7

11 ±2.2

954.7 ±231.8

0.55 ±0.07

0.72 ±0.11

0.89 ±0.05

852.1 ±78.1

15.5 ±14.8

47 ±5.7

724.5 ±187.1

IPF, 1
COPD, 1

50% (1/2)

72.0 ±7.1

4.4%

Pulmonary hypertension
on RHC (MPAP ≥ 25) with
WHO group 3 diagnoses
(n = 2)

133.3 ±34.4

291.1 ±60.7

22 ±7.9

11.5 ±2.5

837.8 ±1454.8

0.55 ±0.38

0.49 ±0.26

0.61 ±0.53

377.5 ±344.8

17.2 ±7.5

31 ±10.8

350.8 ±378.3

62.2% (28/45)

65.1 ±15.8

100%

All groups
together
(n = 45)

0.002

0.02

0.03

0.26

0.001

0.002

0.63

< 0.0001

< 0.0001

0.02

< 0.0001

< 0.0001

0.72

0.78

Value of p

RHC – right heart catheterization, MPAP – mean pulmonary artery pressure, WHO – World Health Organization, IPAH – idiopathic pulmonary arterial hypertension, IPF – idiopathic pulmonary fibrosis, COPD – chronic obstructive
pulmonary disease, PVR – pulmonary vascular resistance, PVRadj – PVR adjusted for blood hemoglobin of 12 g/dl, PAOP – pulmonary artery occlusion pressure, PAERHC – pulmonary arterial elastance calculated on RHC, time
constant – PVRadj/(PAERHC × 1333), RA – right atrium, TRJV – tricuspid regurgitant jet velocity, PRJV – pulmonary regurgitant jet velocity, Hb – hemoglobin, for p values, the four groups – no PH group and the three WHO groups
– were compared together. One-way ANOVA was used for continuous variables, and χ2 test for multiple groups was used for categorical variables.

259.2 ±64.8

Peak TRJV [cm/s]

19 ±5.1

12.8 ±5.9

PAOP on RHC [mm Hg]

RA cross-sectional area [cm2]

20.7 ±6.6

173.4 ±108.5

Cardiomyopathy, 11
Cirrhosis, 2
Post heart transplant, 2

73.3% (11/15)

62.9 ±16.9

33.3%

No pulmonary hypertension
on RHC (MPAP < 25)
(n = 15)

MPAP on RHC [mm Hg]

PVR [dyne × s/cm5]

Diagnoses

Gender (% males)

Age [years]

Percentage of the entire cohort
(n = 45)

Variable

Table I. Baseline characteristics
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2000

1500

1000

500

0
0

Figure 1. Linear regression analysis between PVR
and PAE

1000
500

1000

1500

2000

PAEadj (adjusted for hemoglobin and right atrial size)

Figure 3. Linear regression analysis between PVRadj
and PAEadj. Only the data points as depicted within
the top brackets in Figure 2 are included. Lowest
PVRadj in this small data set corresponds to 706.0
dyne-s/cm5
PVRadj – pulmonary vascular resistance for hemoglobin
of 12 g/dl (see text for details). Units for PVRadj: dyne
× s/cm5. PAEadj – adjusted echocardiographic pulmonary
arterial elastance. Units for PAEadj: mm Hg/ml. R – Pearson
coeffi cient of correlation

MPAP

MPAP

Pc

B

MPAP versus Q

PVRadj (adjusted for hemoglobin of 12 g/dl)

PVRadj (adjusted for hemoglobin of 12 g/dl)

1500

500

15 000

PVRadj – pulmonary vascular resistance for hemoglobin
of 12 g/dl (see text for details). Units for PVRadj: dyne ×
s/cm5. PAEadj – adjusted echocardiographic pulmonary
arterial elastance. Units for PAEadj: mm Hg/ml. R – Pearson
coefficient of correlation

PVRadj = 0.89 × PAEadj + 137.4
R = 0.89, p = 0.008

0

10 000

Figure 2. Linear regression analysis between PVRadj
and PVRadj. See text for the description of data
points depicted by the arrow and the two square
brackets

2000

0

5000

PVRadj (adjusted for hemoglobin and right atrial size)

PVR – pulmonary vascular resistance, PAE – pulmonary
arterial elastance. Units for PVR: dyne × s/cm5. Units for
PAE: mm Hg/ml. R – Pearson coefficient of correlation

2500

PVRadj = 0.098 × PAEadj + 295.4
R = 0.41, p < 0.0048

600

PVRadj = 0.036 × PAEadj + 221.9
R = 0.14, p = 0.468

400

200

0

0

500

1000

1500

2000

2500

PAEadj (adjusted for hemoglobin and right atrial size)

Figure 4. Linear regression analysis between PVRadj
and PAEadj. Only the data points as depicted within
the bottom brackets in Figure 2 are included
PVRadj – pulmonary vascular resistance for hemoglobin
of 12 g/dl (see text for details). Units for PVRadj: dyne ×
s/cm5. PAEadj – adjusted echocardiographic pulmonary
arterial elastance. Units for PAEadj: mm Hg/ml. R – Pearson
coefficient of correlation
PVR = (MPAP – PIa)/Q
A. PIa > Pc
B. Pc > PIa

PIa

MPAP

B

PVR versus Q

A
A

Pc

PIa

Q

PIa

Q

Figure 5. See text for description
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PVRadj = (PAERHC × 421.8) + 346.8
R = 0.88, p = 0.01

2000
1500
1000
500
0

0

1

2

3

PAERHC

PVRadj (adjusted for hemoglobin of 12 g/dl)
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1000

PVRadj = (402.9 × PAERHC) + 81.1
R = 0.57, p = 0.0001

800
600
400
200
0

0

0.5

1.0

1.5

PAERHC

Figure 6. Only the top 7 data points from Figure 2
are included

Figure 7. Only the bottom 37 data points from Figure 2 are included

PVRadj – pulmonary vascular resistance for hemoglobin
of 12 g/dl (see text for details). Units: dyne × s/cm5.
PAERHC – pulmonary arterial elastance on right heart
catheterization. Units: mm Hg/ml. R – Pearson coefficient
of correlation

PVRadj – pulmonary vascular resistance for hemoglobin
of 12 g/dl (see text for details). Units: dyne × s/cm5.
PAERHC – pulmonary arterial elastance on right heart
catheterization. Units: mm Hg/ml. R – Pearson coefficient
of correlation

(e.g. idiopathic pulmonary arterial hypertension)
are encircled with a thicker layer of smooth muscles – resulting in a lower closing pressure. It is
possible that the closing pressures in these patients are more consistently lower than the left
atrial pressures. In those with the severest forms
of pre-capillary pulmonary vascular disease, it is
possible that the closing pressures are always
lower than the left atrial pressures. Thus, in such
patients, PVR becomes a consistent marker of
the degree of stiffness of the pulmonary arterial
vessels. In such a case, PVR and PAE are expected to have a closer relationship as conceptually
PAE represents the stiffness of pulmonary arterial vessels.
Indeed, on the further analysis of RHC-derived
PAE and RHC-derived adjusted PVR, the Pearson
coefficient of correlation was excellent for the very
high PVRs, and was moderate for the lower PVRs
(Figures 6, 7).
The uncertainty about the closing pressure may
result in entirely misleading PVR values [13, 14].
Our data point in a similar direction. Questions
that our data raise are: Does PVR reliably predict
severity of pulmonary vascular disease? Can PAE
(RHC-derived or echocardiographic) better predict
severity of pulmonary vascular disease?
In patients with PVRs known to be greater
than about 9 Wood units (when adjusted for
hemoglobin of 12 g/dl), echocardiographic PAE
might be accurate enough to predict any changes
in PVR as a response to vasodilator therapy (see
equation (xii)).
The limitations of our study include a small
cohort size, non-simultaneous performance of
echocardiograms and RHCs, and retrospective
study design. We again recognize that the superior method of selection of patients for this

retrospective study would be to study all consecutive patients over a time period, and hoping
that patients with all ranges of PVRs in adequate
numbers would fall in that group. However, we
anticipated that the patients who have higher
PVR are relatively few due to the rarity of diseases having this state, and that the RHC registry in
our hospital would have a preponderance of patients with low PVR. Anticipating the above-described skewness in the patient selection, we
modified the patient selection strategy in the
following two ways: 1) we chose, on one hand,
only one-third of the large number of patients
in our RHC registry, and 2) we employed, on the
other hand, an assortment of recruitment strategies to include a greater number of patients with
higher PVR. We believe that these modifications
do not affect the validity of our results as our
study hypothesis (that RHC-derived PVR and
echocardiographic PAE have a linear relationship
over a wide range of PVR) should hold true, if it
has to, even if a non-consecutive cohort of patients is chosen. Another important limitation
of our retrospective study was non-simultaneous performance of echocardiograms and RHCs.
Such temporal gaps are unavoidable in routine
clinical practice. Faced with a similar question
related to study design, Arkles et al. chose
a temporal gap of 120 days [15]. Fortunately, the
studies done on a vast majority of our patients
were separated by only a few days (14 patients
on the same day, 12 were separated by 1 day, 11
were separated by 2–7 days, 5 were separated
by 8–14 days, and the remaining 3 were separated by 33, 71 and 75 days respectively). The
median interval between the paired echocardiogram and RHC was 1 day. The validity of our conclusions is maintained for those patients whose
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Figure 8. Linear regression analysis between PVR and PAE, or PVRadj and PAEadj (when the right heart catheterization and echocardiogram were done within 7 days of each other), n = 37. A – Linear regression analysis between
PVR and PAE: PVR = 603.2 × PAE + 34.3 (R = 0.49, p = 0.002). B – Linear regression analysis between PVRadj and
PAEadj: PVRadj = 0.326 × PAEadj + 147.4 (R = 0.45, p = 0.005). See text for the description of data points depicted by
the arrow and the two square brackets. C – Linear regression analysis between PVRadj and PAEadj. Only the top 6
data points as depicted within the top brackets in Figure 8 B are included: PVRadj = 0.882 × PAEadj + 148.8 (R = 0.88,
p = 0.02). Lowest PVRadj in this small data set corresponds to 706.0 dyne-s/cm5. D – Linear regression analysis between PVRadj and PAEadj. Only the 31 data points as depicted within the bottom brackets in Figure 8 B are included:
PVRadj = 0.075 × PAEadj + 187.4 (R = 0.27, p = 0.15)
PVR – pulmonary vascular resistance, PAE – pulmonary arterial elastance, PVRadj – pulmonary vascular resistance for hemoglobin
of 12 g/dl (see text for details), PAEadj – adjusted echocardiographic pulmonary arterial elastance, R – Pearson coefficient
of correlation. Units for PVR or PVRadj: dyne × s/cm5. Units for PAE or PAEadj: mm Hg/ml, R – Pearson coefficient of correlation

RHC and echocardiogram had been done within
7 days (Figure 8, linear regression equations included in the legend). We also recognize that the
adjustments for PVR and PAE used in analyzing
data are somewhat approximate. However, they
are simple enough to be easily tested in further
studies.
In conclusion, novel echocardiographic indices
have been increasingly studied in recent times to
predict clinical outcomes and to assess severity
for both left [16] as well as right heart diseases
[17]. In our study, we found that echocardiographic PAE did not have a strong linear relationship
with RHC-derived PVR over a wide range of PVR.
In patients with very advanced pre-capillary pulmonary vascular disease, echocardiographic PAE
may be accurate enough to predict any changes
in PVR as a response to vasodilator therapy. A prospective study of larger size with simultaneous

performance of echocardiograms and RHCs may
give definitive answers.
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