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Abnormal right ventricular relaxation in pulmonary hypertension
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Abstract: Left ventricular diastolic dysfunction is a well-described complication of systemic hypertension. However, less is known regarding
the effect of chronic pressure overload on right ventricular (RV) diastolic function. We hypothesized that pulmonary hypertension (PHT) is
associated with abnormal RV early relaxation and that this would be best shown by invasive pressure measurement. Twenty-five patients
undergoing right heart catheterization for investigation of breathlessness and/or suspected PHT were studied. In addition to standard mea-
surements, RV pressure was sampled with a high-fidelity micromanometer, and RV pressure/time curves were analyzed. Patients were di-
vided into a PHT group and a non-PHT group on the basis of a derived mean pulmonary artery systolic pressure of 25 mmHg. Eleven
patients were classified to the PHT group. This group had significantly higher RV minimum diastolic pressure (5:1� 6:6 vs. �0:1�
3:3 mmHg, P ¼ 0:03) and RV end-diastolic pressure (RVEDP; 11:0� 6:3 vs. 3:8� 3:7 mmHg, P ¼ 0:004), and RV τ was significantly
prolonged (53� 32 vs. 31� 13 ms, P ¼ 0:04). There were strong correlations between RV τ and RV minimum diastolic pressure (r ¼ 0:93,
P < 0:0001) and between RV τ and RVEDP (r ¼ 0:87, P < 0:0001). There was a trend toward increased RV contractility (end-systolic
elastance) in the PHT group (0:73� 0:21 vs. 0:52� 0:21 mmHg/mL, P ¼ 0:07) and a correlation between RV systolic pressure and first
derivative of maximum pressure change (r ¼ 0:58, P ¼ 0:003). Stroke volumes were similar. Invasive measures of RV early relaxation are
abnormal in patients with PHT, whereas measured contractility is static or increasing, which suggests that diastolic dysfunction may precede
systolic dysfunction. Furthermore, there is a strong association between measures of RV relaxation and RV filling pressures.
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Systemic hypertension is recognized to be one of the major causes
of diastolic dysfunction in the left ventricle.1 The hypertrophied
myocardium becomes stiff, and abnormalities in both active myo-
cardial relaxation and passive elastance are observed, eventually
leading to an increase in left ventricular filling pressures and left
atrial pressure.2,3

Evidence for a similar phenomenon occurring in the right ven-
tricle (RV) has been sparse. Although it is a thinner-walled struc-
ture that is exposed to much lower absolute afterload, the law of La-
place dictates that the RV is subjected to increased wall stress under
conditions of pulmonary hypertension (PHT).4 Compensatory RV hy-
pertrophy is often seen.5 A recent study involving humans also dem-
onstrated RV hypertrophy and collagen deposition, increased sar-
comeric stiffness, and reduced titin phosphorylation in patients with
pulmonary arterial hypertension compared with controls.6

In 1967, Burstin first described the association between PHT and
the postsystolic isovolumic period in the RV, suggesting the presence
of diastolic dysfunction.7 Previously, this time period has been re-
ferred to as the isovolumic relaxation period, and multiple studies
have confirmed that there is a linear relationship between the length
of this period and the pulmonary arterial pressure.8-10 However, re-
cent cardiac magnetic resonance studies have demonstrated that

this may be related to continued postsystolic contraction rather than
a prolonged relaxation period.11,12 Nonetheless, echocardiographic
studies suggest the presence of abnormal active myocardial relaxa-
tion with decreased diastolic tissue Doppler velocities in the RV free
wall of patients with scleroderma and PHT.13,14

We hypothesized that PHT is associated with abnormal RV ac-
tive relaxation, and in light of discrepant noninvasive data, this could
be better demonstrated by an invasive gold standard. We chose the
time constant of ventricular pressure decay (τ) as our primary mea-
sure of active relaxation, which is well validated in the left ventricle
as a relatively preload-independent measure of early diastolic ven-
tricular function.15

METHODS

Patient selection
Patients referred to St. Vincent’s Hospital Melbourne for right heart
catheterization for the investigation of breathlessness and/or sus-
pected PHT were invited to participate. Patients with pulmonary
valve stenosis, atrial fibrillation, permanent pacemaker, or congenital
heart disease were excluded. This study was conducted with the ap-
proval of the human research ethics committee of St. Vincent’s Hos-
pital Melbourne, and all patients provided written informed consent.
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Study protocol
Studies were undertaken in the cardiac catheterization laboratory
with subjects in the supine position. All patients underwent routine
right heart catheterization using a Swan-Ganz catheter from the right
femoral venous approach, and hemodynamic data were obtained in
a standard fashion. A high-fidelity micromanometer mounted at the
distal tip of a guide wire 0.014 inches in diameter (Radi PressureWire,
St. Jude Medical) was calibrated and advanced to a stable position in
the RV via a 7-Fr multipurpose guiding catheter. Continuous pres-
sure data were obtained at 100 Hz for at least 5 cardiac cycles. Mea-
surements for RV peak systolic pressure (RVSP) and RV minimum
diastolic pressure (RVDP) were obtained. The first derivatives of max-
imum (RV dP/dtmax) and minimum (RV dP/dtmin) pressure change
were calculated offline using raw pressure/time data imported into
GraphPad Prism 6 (GraphPad Software). RV end-diastolic pressure
(RVEDP) was defined as the pressure at 10% RV dP/dtmax on the
upstroke of the pressure curve of the subsequent cardiac cycle. RV τ
was determined using the method initially described by Weiss et al.16

RV isovolumic relaxation time was defined as the time between RV
dP/dtmin and the pressure at RVEDP during initial pressure decay.
Contractility and right ventriculo-arterial coupling were estimated us-
ing the single-beat method described by Brimioulle et al.17 Briefly,
peak systolic pressure (Pmax) of an isovolumic beat was estimated by
curve fitting time/pressure points obtained before dP/dtmax and af-
ter dP/dtmin to the expression P ¼ aþ b� sinðC � t þ dÞ. Pmax was
then obtained as aþ b. End-systolic elastance (Ees) was then esti-
mated as ðPmax � PesÞ=stroke volume, where mean pulmonary ar-
tery pressure (PAP) was substituted for end-systolic RV pressure
(Pes).

18 Arterial elastance (Ea) was estimated as mean PAP/stroke
volume. The coupling ratio Ees/Ea was then calculated. All mea-
surements were averaged over 3–5 cardiac cycles.

Patients were divided into a PHT group and a non-PHT group on
the basis of a derived mean PAP (0:61� RVSP) of 25 mmHg, con-
sistent with current European Society of Cardiology criteria for the
diagnosis of PHT.19 This was obtained from our invasive measure-
ment of RVSP.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6. On the
basis of earlier data,20 we hypothesized a mean RV τ of 30 ms in
patients without PHT with a standard deviation of 10 ms. With an
α error of 0.05 and a power of 80%, we estimated a minimum sam-
ple size of 24 patients would be required to demonstrate a difference
in τ of 10 ms. Results are expressed as mean ± standard deviation.
Statistical significance was set at a value of P < 0:05. Comparisons
between patient groups were made with unpaired t tests, without
correction for multiple comparisons. Correlations of RV pressure data
were examined with Pearson correlations.

RESULTS

Twenty-five patients were studied in total. The baseline characteris-
tics of the two groups are presented in Table 1. Fourteen patients
were classified as belonging to the non-PHT group, and 11 patients
were classified as belonging to the PHT group. There were no sig-

nificant differences with respect to age, sex, or body mass index. Of
the patients in the PHT group, 5 were classified as having group 1
PHT (1 patient with idiopathic PHT, 4 patients with PHT associated
with scleroderma), 5 had group 2 PHT (4 patients with left ventric-
ular diastolic dysfunction, 1 patient with mitral stenosis), and 1 had
group 3 PHT (interstitial lung disease). The majority of patients in
the non-PHT group were in New York Heart Association functional
class II, whereas the PHT group patients were split between func-
tional classes II and III. No patient was receiving specific pulmonary
vasodilator therapy for PHT, reflecting that most of the patients
included in the study were in the early phase of diagnosis and treat-
ment. With respect to hemodynamic data, the PHT group had a
significantly higher PAP and pulmonary capillary wedge pressure,
and there was a trend toward higher PVR. Heart rate, cardiac output,
and stroke volume were similar between the two groups (Table 1).

There was a trend toward increased RV contractility and Ea in the
PHT group, but coupling ratios were preserved. The PHT group had
significantly higher RVDP and RVEDP. RV τ was also significantly
prolonged (Table 2). RV dP/dtmax was not significantly different be-
tween the groups, whereas the magnitude of RV dP/dtmin was signifi-
cantly greater in the PHT group. There was a strong linear correlation
between RV τ and RVDP (r ¼ 0:93, P < 0:0001) and between RV τ
and RVEDP (r ¼ 0:87, P < 0:0001; fig. 1). There was a strong linear
correlation between RVSP and RV dP/dtmax (r ¼ 0:58, P ¼ 0:003)
and a strong negative linear correlation between RVSP and RV dP/
dtmin (r ¼ �0:79, P < 0:0001; fig. 2). These correlations remained
when each patient group was analyzed individually.

Individual patient characteristics are presented in Table 3. Patient
numbers were considered too small to undertake further subgroup
analysis on the basis of etiology of PHT.

DISCUSSION

We have demonstrated that an invasive measure of early RV relaxa-
tion, τ, is abnormal in patients with PHT. This finding strongly sug-
gests that RV diastolic dysfunction does exist in this setting, despite
recent data showing that the prolonged postsystolic isovolumic pe-
riod in patients with PHT is related to a continued postsystolic
contraction. We contend that both of these disturbances can exist
simultaneously and may each contribute to increased RVDP.

In the left ventricle, τ has been validated as a relatively load-
independent measure of active relaxation,16 as opposed to dP/dtmin

and dP/dtmax, which have greater load dependence.21 Although ac-
tive relaxation has been studied in some detail in the left ventricle,
human data from the RV are sparse. Some questions exist in relation
to the appropriateness of the use of τ in the RV. The time period
over which τ is measured, the isovolumic relaxation period, begins
with dP/dtmin. Data from a canine model have indicated that, in
contrast to the left ventricle, where dP/dtmin occurs shortly after
aortic valve closure, RV dP/dtmin occurs substantially before the end
of RV ejection, and the normal cardiac cycle does not include an
isovolumic relaxation period.22 Early human data also questioned
whether an isovolumic relaxation period exists in the normal RV,
given that RV dP/dtmin can occur late on the downstroke of pressure
decay.23 However, the presence of an isovolumic relaxation period in
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healthy humans has clearly been shown in a recent study.12 Further-
more, RV τ has been shown to be prolonged in patients with hyper-
trophic cardiomyopathy20 and in lambs exposed to chronic pressure
overload.24 We were able to measure RV τ in all of our patients, and
the average time periods that τ was measured over were 38 and 52 ms

in the non-PHT and PHT groups, respectively. Although shorter
than similar time periods in the left ventricle, these are still measur-
able with high-fidelity micromanometers, and our values for τ com-
pare favorably to other recent studies.25 Moreover, one could argue
that, even if there are some patients in whom τ cannot be measured,

Table 1. Demographic characteristics and hemodynamic variables of patients with and without pulmonary
hypertension (PHT)

Variable
Non-PHT group

(n = 14)
PHT group
(n = 11) P

Age, years 58 ± 8 62 ± 13 0.37

Male sex, no. (%) of patients 3 (21.4) 4 (36.4)

BMI 29.1 ± 5.9 28.5 ± 6.5 0.8

Functional status

NYHA class 1 ∶ 2 ∶ 3 ∶ 4 1 ∶ 12 ∶ 1 ∶ 0 0 ∶ 6 ∶ 5 ∶ 0
Medication use

Calcium channel antagonist 4 6

Hemodynamic data

PASP, mmHg 35.4 ± 8.8 60.2 ± 22.8 0.001

PADP, mmHg 14.4 ± 5.8 22.4 ± 10.1 0.02

mPAP, mmHg 23.9 ± 7.5 38.5 ± 14.5 0.003

PCWP, mmHg 12.1 ± 5.7 17.5 ± 7.5 0.05

PVR, Wood units 2.0 ± 0.8 3.4 ± 3.0 0.11

HR, beats/min 73 ± 14 74 ± 14 0.81

CO, L/min 6.0 ± 1.7 6.5 ± 1.9 0.52

SV, mL 83.3 ± 17.7 89.2 ± 21.1 0.45

Note: Data are mean value ± standard deviation, unless otherwise indicated. BMI: body mass index;
NYHA: New York Heart Association; PASP: pulmonary artery systolic pressure; PADP: pulmonary artery
diastolic pressure; mPAP: mean pulmonary artery pressure; PCWP: pulmonary capillary wedge pressure; PVR:
pulmonary vascular resistance; HR: heart rate; CO: cardiac output; SV: stroke volume.

Table 2. Micromanometer and coupling data

Variable Non-PHT PHT P

Ees, mmHg/mL 0.52 ± 0.21 0.73 ± 0.37 0.07

Ea, mmHg/mL 0.29 ± 0.08 0.49 ± 0.40 0.07

Ees/Ea 1.88 ± 0.77 1.69 ± 0.68 0.52

RVEDP, mmHg 3.8 ± 3.7 11.0 ± 6.3 0.004

RVDP, mmHg −0.1 ± 3.3 5.1 ± 6.6 0.03

RVSP, mmHg 30.0 ± 5.2 56.0 ± 21.5 0.002

RV dP/dtmax, mmHg/s 436 ± 146 521 ± 209 0.27

RV dP/dtmin, mmHg/s −304 ± 78 −530 ± 219 0.006

RV IVRT, ms 38 ± 16 52 ± 25 0.13

RV τ, ms 31 ± 13 53 ± 32 0.04

Note: Data are mean value ± standard deviation. PHT: pulmonary hypertension; Ees: end-systolic
elastance; Ea: arterial elastance; RVEDP: right ventricular end-diastolic pressure; RVDP: right ventricle
minimum diastolic pressure; RVSP: right ventricular peak systolic pressure; RV dP/dtmax: right ventricular
first derivative of maximum pressure change; RV dP/dtmin: right ventricular first derivative of minimum
pressure change; RV IVRT: right ventricular isovolumic relaxation time.
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this would be a reassuring finding suggestive of normal pulmonary
pressures, and τ could still function as a useful hemodynamic index
in this situation.

We found that prolonged RV τ is strongly associated with a
higher RVDP and RVEDP, suggesting that impaired relaxation may
impact on RV filling pressures and that RVDP was higher in pa-
tients with PHT. This phenomenon is well documented in the left
ventricle26 and is responsible for considerable clinical sequelae. The
systemic effect of chronically elevated right atrial pressure is no
doubt also important, as shown by its impact on renal function in
heart failure27 and its prognostic impact in pulmonary arterial hy-
pertension.28-30 Moreover, left ventricular minimum diastolic pres-
sure is important in the creation of a suction gradient to augment
left ventricular filling and is an accepted index of diastolic suction
in clinical studies.21,31 Negative RVDPs are frequently seen in healthy
humans,23 and a canine model suggests that the RV is capable of
generating an early diastolic suction gradient independent of changes
in intrathoracic pressure.32 A noninvasive study has also suggested
the presence of a diastolic filling gradient in humans.33 A major
caveat to the above is that we do not have data on diastolic stiffness
or RV volume for our patients. Further study is needed to clarify the
relative impact on RV filling pressures of changes in these factors
versus active relaxation.

It is plausible that abnormal relaxation precedes the develop-
ment of overt systolic dysfunction in the RV. RV systolic dysfunc-
tion tends to be associated with very high PAP and is known to be
a marker for poor prognosis in the disease.5 Routinely available
clinical measures of RV systolic function, such as tricuspid annular

plane systolic excursion and RV fractional area change measured
by echocardiography, may remain normal until late in disease pro-
gression. Our data indicated a trend toward increasing contractility
in the PHT group as evidenced by Ees and dP/dtmax, with preserved
overall systolic function, as demonstrated by similar stroke vol-
umes. Ventriculo-arterial coupling ratios were also preserved in the
PHT group. On the other hand, RV τ is clearly impaired. Given
that the patients in the PHT group had relatively mild elevations
in pulmonary pressure, this finding suggests that measured RV sys-
tolic function may be falsely reassuring in the early stages of dis-
ease, whereas relaxation is abnormal. This deserves further study,
because there is significant clinical need for novel approaches to
the initial diagnosis and novel markers of early disease progression
to help guide management of this challenging condition.

Study limitations
The relaxation phase is just one component of ventricular diastole.
The other major component, filling, can best be described by a
pressure/volume loop, with stiffness described by the slope of the
end-diastolic pressure volume relation.34 Although this relation is
curvilinear, several methods have been proposed to approximate
this with as few as 2 data points.35 However, this is still not trivial,
given the challenges in obtaining accurate volume data simulta-
neously with pressure data in the geometrically complex RV.36,37 In
light of these issues and the paucity of previous data, our study has
focused on the active relaxation phase of RV diastole. We believe

Figure 1. Relationship between right ventricle (RV) τ and RV mini-
mum diastolic pressure (A) and RV end-diastolic pressure (EDP;
B). Patients with pulmonary hypertension (PHT) are represented
by open blue circles, and patients without PHT are represented by
open red circles. Regression lines are shown for patients with PHT
(blue), patients without PHT (red), and both groups combined
(black).

Figure 2. Relationship between right ventricle systolic pressure
(RVSP) and RV first derivative of maximum pressure change (dP/
dtmax; A) and relationship between RVSP and RV first derivative
of minimum pressure change (dP/dtmin; B). Patients with pulmo-
nary hypertension (PHT) are represented by open blue circles,
and patients without PHT are represented by open red circles.
Regression lines are shown for patients with PHT (blue), patients
without PHT (red), and both groups combined (black).
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that interrogation of individual parameters of diastole may still be
useful if they are able to independently identify disease. Further-
more, our methods are easily reproducible with equipment already
available in many cardiac catheter laboratories (e.g., Radi PressureWire,
which is used for fractional flow reserve determination in coronary
arteries to guide percutaneous coronary intervention).

We adopted an “all-comers” approach to patient recruitment,
rather than use a defined control group of healthy subjects, be-
cause of the invasive nature of our study. This may have led to an
underestimation of the magnitude of difference in τ, because, al-
though these patients did not meet the formal mean PAP cut-off
value for diagnosis of PHT, some of these patients had higher
PAPs than would have been anticipated.

There is a possibility that different underlying etiologies of PHT
result in different changes in RV adaptation. Given the relatively
small number of patients studied, our study was underpowered to
address this issue. There is some animal evidence that the type of
PHT and location of obstruction influences changes in RV diastolic

function.38 Examination of RV diastolic function in patients with
different types of PHT would therefore be interesting.

Conclusion
Invasive measures of early active relaxation in the RV are abnormal
in patients with PHT, even while measures of contractility are static
or increasing, compared with patients with normal pulmonary pres-
sures. This suggests that RV diastolic dysfunction may precede overt
systolic dysfunction in this setting. Moreover, abnormal relaxation is
associated with higher RV filling pressures, which could theoretically
be clinically important. This deserves further study as a potential novel
marker of early disease or disease progression, and it also provides a
framework for future noninvasive study of RV diastolic function.
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Table 3. Individual patient characteristics

Patient PHT etiology mPAP, mmHg RVDP, mmHg RVEDP, mmHg RV dP/dtmin, mmHg/s RV τ, ms

1 Non-PHT 22.4 1.8 4.4 −377 36

2 Non-PHT 18.2 −1.6 0.7 −364 21

3 Non-PHT 16.9 0.5 4.5 −238 36

4 Non-PHT 15.9 −5.2 −2.1 −270 17

5 Non-PHT 21.9 −3.7 0.2 −391 16

6 Non-PHT 22.4 2.0 5.7 −274 32

7 Non-PHT 16.5 −0.6 4.3 −271 38

8 Non-PHT 18.4 0.1 6.4 −260 35

9 Non-PHT 11.2 −5.9 −2.5 −224 9

10 Non-PHT 15.6 3.2 7.4 −200 50

11 Non-PHT 19.8 −1.9 2.6 −284 29

12 Non-PHT 16.4 0.8 4.8 −355 19

13 Non-PHT 21.4 2.4 7.6 −483 36

14 Non-PHT 19.4 6.2 10 −262 57

15 LVDD 26.0 4.0 12.9 −358 40

16 LVDD 35.5 10.2 15.2 −401 80

17 LVDD 27.5 7.7 14.5 −400 73

18 LVDD 25.0 5.6 12.6 −418 33

19 MS 69.4 8.5 15.4 −819 55

20 ILD 32.8 20.2 22.0 −307 134

21 Scleroderma 25.0 −0.8 3.5 −373 30

22 Scleroderma 27.5 −1.4 2.9 −694 23

23 Scleroderma 42.3 −3.6 1.4 −830 29

24 Scleroderma 25.9 1.9 11.6 −379 50

25 Idiopathic 32.8 4.5 8.5 −856 39

Note: PHT: pulmonary hypertension; mPAP: mean pulmonary artery pressure; RVDP: right ventricular minimum diastolic pressure;
RVEDP: right ventricular end-diastolic pressure; RV dP/dtmin: right ventricular first derivative of minimum pressure change; LVDD: left
ventricular diastolic dysfunction; MS: mitral stenosis; ILD: interstitial lung disease.
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