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Purpose: To assess interventricular septal (IVS) angle in the identiication of combined pre- and postcapillary pulmonary hypertension (Cpc-PH) in patients with pulmonary hypertension (PH) due to left-sided heart disease.
Materials and Methods: In this retrospective study, consecutive, incident patients suspected of having PH underwent same-day right-

sided heart catheterization (RHC) and MRI at a PH referral center between April 2012 and April 2017. he diagnostic accuracy of
the IVS angle to identify Cpc-PH in patients with pulmonary arterial wedge pressure (PAWP) greater than 15 mmHg was assessed
by using receiver operator characteristic curves, sensitivity, speciicity, and negative and positive predictive values. IVS angle also was
assessed as a predictor of all-cause mortality by using Cox uni- and multivariable proportional hazards regression.
Results: A total of 708 patients underwent same-day MRI and RHC, and 171 patients had PAWP greater than 15 mmHg. Mean

age was 70 years (range, 21–90 years) (women: mean age, 69 years; range, 21–88 years) (men: mean age, 71 years; range, 43–90
years). Systolic IVS angle correlated with diastolic pulmonary gradient (DPG) (r = 0.739, P , .001). Receiver operating characteristic curve analysis showed septal angle enabled identiication of Cpc-PH (DPG  7), with an area under the receiver operating
characteristic curve of 0.911 (P , .001). A 160° threshold, derived from the irst half of patients with raised PAWP, enabled identiication of a DPG of at least 7 mmHg with 67% sensitivity and 93% speciicity (P , .001) in the second cohort of patients with
raised PAWP. IVS angle was predictive of all-cause mortality (standardized univariable hazard ratio, 1.615; P , .01).
Conclusion: he systolic interventricular septal angle is elevated in patients with combined pre- and postcapillary pulmonary hypertension and enables one to predict those patients who have PH due to left-sided heart disease who have an increased risk of death.
Published under a CC BY 4.0 license.
Online supplemental material is available for this article.

atients with left-sided heart disease commonly develop

Ppulmonary hypertension (PH) (1), initially resulting

from passive backward transmission of high left ventricular
illing pressures through the pulmonary circulation. Some
patients with postcapillary disease may subsequently develop a degree of precapillary vascular remodeling due to
prolonged elevation of pulmonary arterial pressure (2–9).
Previously, the diference between mean pulmonary arterial pressure (mPAP) and pulmonary arterial wedge pressure (PAWP), termed the transpulmonary gradient (TPG),
was used to identify patients with PH out of proportion to
left-sided heart disease. Subsequently, a study by Gerges
et al (2) identiied the diastolic pulmonary pressure gradient (DPG), which was calculated by subtracting mean
PAWP from diastolic pulmonary artery pressure, as a superior prognostic parameter in patients with postcapillary disease. he Fifth World Symposium on Pulmonary

Hypertension introduced the classiication of combined
pre- and postcapillary PH (Cpc-PH), deined as an mPAP
level of at least 25 mmHg, a PAWP level greater than 15
mmHg, with either a DPG of 7 mmHg or more or pulmonary vascular resistance (PVR) greater than 3 WU (10).
Patients with Cpc-PH are at greater risk for deterioration
than are those with isolated postcapillary PH (Ipc-PH) but
may beneit from PAH-speciic therapy, especially in the
context of randomized controlled trials (9,11,12) (https://
ClinicalTrials.gov identiier, NCT02070991).
Previous noninvasive MRI techniques were used to
measure left atrial volume index (13), echocardiographic
parameters (14), or a combination of clinical, electrocardiographic, and echocardiographic features (6) and can be
used to distinguish between pre- and postcapillary disease.
However, there is currently no noninvasive method to
identify patients likely to have Cpc-PH.

Combined Pre- and Postcapillary Pulmonary Hypertension

Abbreviations
CI = conidence interval, Cpc-PH = combined pre- and postcapillary
pulmonary hypertension, DPG = diastolic pulmonary gradient, Ipc-PH =
isolated postcapillary pulmonary hypertension, IVS = interventricular
septum, mPAP = mean pulmonary arterial pressure, PAWP = pulmonary arterial wedge pressure, PH = pulmonary hypertension, PVR =
pulmonary vascular resistance, RHC = right-sided heart catherization

Summary
he systolic interventricular septal angle measured at MRI is elevated in
patients with combined pre- and postcapillary pulmonary hypertension
in patients with left-sided heart disease; the interventricular septal angle
enables one to predict which patients are at risk for a poor outcome.

Implications for Patient Care
n

n

n

Patients with combined pre- and postcapillary pulmonary
hypertension are at risk for a poor outcome and may beneit
from targeted pulmonary vascular therapy.
he interventricular septal angle measured with MRI is elevated
in patients with combined pre- and postcapillary pulmonary
hypertension.
he interventricular septal angle measured with MRI enabled
prediction of patients who have an increased risk of death.

he aim of our study was to assess interventricular septal
angle in the identiication of Cpc-PH in patients with PH owing
to left-sided heart disease.
We hypothesized that structural and functional imaging of
the heart using cardiac MRI, speciically the interventricular septal angle, could enable diferentiation of Cpc-PH from Ipc-PH.

Materials and Methods
Ethical approval was granted by the local ethics committee,
and institutional review board approval was attained for our
retrospective study. Written informed consent was waived (ref
c06/Q2308/8).
Consecutive incident patients suspected of having PH who
underwent cardiopulmonary MRI at a PH referral center (15)
from April 2012 to April 2017 were identiied. All incident cases
with MRI and right-sided heart catherization (RHC) on the
same day were included. Our main study population comprised
patients with left-sided heart disease diagnosed at RHC
(PAWP . 15 mmHg). hese patients were split into a derivation and validation cohort by date of imaging (October 1, 2016).
he remaining incident patients with a normal PAWP were used
as a comparison group to assess the underlying mechanism.
Image Acquisition and Analysis
All patients underwent cardiac 1.5-T MRI at the PH referral center as part of the routine clinical pathway. Short-axis
steady state free-procession images were acquired with standard protocols, as previously described (16) and available in
Appendix E1 (online). MR images were analyzed by a radiographer with 9 years of cardiac MRI experience (D.C.) on a GE
Advantage Workstation 4.4 using GE Advantage Workstation
ReportCard software (GE Healthcare, Milwaukee, Wis), with
the observer blinded to all clinical information and results of
other investigations. he interventricular septum (IVS) angle was measured as the angle formed between the insertion
2

points of the ventricles to the midpoint of the septum, measured at end-systole (17–19). Figure 1 shows the IVS angle in
one patient with high DPG and another with normal DPG.
he standard cardiac contours and metrics were measured
and calculated (16,20), as previously published. A description
of these is available in Appendix E1 (online). hese standard
cardiac MRI metrics have previously been shown to have excellent interobserver reproducibility (21).
RHC Procedure
RHC was performed at the PH referral center by using a
balloon-tipped 7.5-French thermodilution catheter (BectonDickinson, Franklin Lakes, NJ) introduced via a Swann-Ganz
catheter, usually via the internal jugular vein. Left-sided heart
disease was deined as PAWP greater than 15 mmHg (10).
DPG was calculated as diastolic pulmonary arterial pressure
minus PAWP (4), with a DPG of 7 mmHg or higher considered diagnostic for combined pre- and postcapillary PH
(10,22). Cardiac output was measured with thermodilution.
PVR was deined as the diference of mPAP minus PAWP,
which was then divided by cardiac output. Further analysis was
performed by using PVR, with a threshold of greater than 3
Woods units (240 dyne·sec) to assess the IVS angle as a marker
for Cpc-PH using both potential methods.
Statistical Analysis
To test the accuracy of cardiac MRI parameters in the assessment of DPG, initial analysis was performed in all patients
with PAWP greater than 15 mmHg. he Pearson correlation
coeicient was calculated between each variable and DPG,
transpulmonary gradient, and PVR. Scatterplots of each metric were interrogated to ensure linearity. To identify a suitable
diagnostic threshold, the receiver operating characteristic curve
was analyzed in the irst half, and the Youden index was used to
select a suitable threshold. In the second half of the patient cohort, the 2 3 2 contingency table and the x2 test were used to
determine sensitivity, speciicity, and positive and negative predictive values for the threshold derived in the training cohort.
To assess the hemodynamic basis of the IVS angle as a marker
of DPG, the Pearson correlation coeicient of septal angle and
DPG with mean systolic and diastolic pulmonary arterial–tosystemic pressure ratios were analyzed. In the full cohort of cases,
the IVS angle in each group of patients with PH (by cause [10])
was compared by using analysis of variance. he correlation coeficient between the septal angle against the DPG and the mean
pulmonary arterial pressure was calculated for each group.
To assess the underlying mechanism for the IVS angle as a
marker of the DPG, linear regression analysis of signiicant candidate MRI correlates was assessed. For linear regression analysis,
the z score from the population with raised PAWP was calculated
as follows: z = x − µ , where µ is the mean and s is the standard
σ
deviation, to enable comparison of the independent associations
of MRI metrics with DPG. DPG was considered the dependent
variable and any MRI metric with a signiicant correlation with
DPG was considered a predictor.
Analysis of outcome was performed in the patients with
increased PAWP. Our study period stretched from MRI to
radiology.rsna.org n Radiology: Volume 00: Number 0—0 2018
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Figure 1: Representative images in a patient with a negative diastolic pulmonary pressure
gradient and a normal septal angle (left) and a patient with an elevated diastolic pulmonary
gradient (DPG) and a high septal angle (right).

Kaplan-Meier plots were constructed by
using recognized thresholds, when available. For IVS angle, the threshold from
the Youden index in the irst cohort
of patients (160°) was used. Receiver
operating characteristic curve analysis
was used to predict death at 2 years from
study enrollment, as this time point had
a balance of patients who reached census
(n = 122) and who died (n = 36). Survival
analysis of six variables was performed;
the Bonferroni correction was used, and P
, .008 indicated a signiicant diference.
Reproducibility was assessed in 20
patients by a general radiologist (C.S.J.)
with an interest in thoracic imaging and 6
years of experience, as per the standard reproducibility method, which is outlined
in Appendix E1 (online).
Statistical analysis was performed by
using SPSS, version 22 (IBM, Chicago,
Ill) and GraphPad Prism 7 (GraphPad
Software, San Diego, Calif ). P ,.05 indicated a signiicant diference, and data
are presented as mean 6 standard deviation, unless otherwise stated.

Results
In our study, 2643 patients underwent cardiopulmonary MRI.
A total of 1315 patients underwent initial diagnostic imaging:
of these, 758 underwent MRI and RHC on the same day. In
50 patients, PAWP was not recorded. A total of 171 patients
had PAWP greater than 15. Figure 2 shows the algorithm for
patient selection.

Figure 2: Flowchart shows patient inclusion criteria. PAWP
= pulmonary artery wedge pressure, PH = pulmonary hypertension, RHC = right-sided heart catheterization.

census (June 16, 2017) or all-cause mortality. Survival analysis
was performed by using Cox proportional hazards regression
analysis and the log-rank test at Kaplan-Meier curve analysis.
For Cox regression, metrics were standardized with the z score.
Radiology: Volume 00: Number 0—0 2018 n radiology.rsna.org

Identification of High Diastolic Pulmonary Gradient
Mean age of patients was 70 years (range, 21–90 years), and
61% were women (mean age, 69 years; age range, 21–88
years) (men: mean age, 71 years; age range, 43–90 years).
Fifty-six (33%) patients had a DPG of 7 mmHg or higher, 57
(33%) had a DPG of 0–6.9 mmHg, and 58 (34%) had a negative DPG. Table 1 presents the demographic and RHC data.
Five patients did not have PH (all had DPG , 7 mmHg). A
total of 103 patients had PH due to left-sided heart disease
alone, 32 had combined pre- and postcapillary PH, 17 had
coexistent lung disease, and 19 had coexistent chronic thromboembolic disease, as deined in the multidisciplinary team
meeting. Left-sided heart disease was due to left ventricular
diastolic dysfunction in 149 cases, left ventricular systolic dysfunction in nine, and valve disease in 13 (mitral regurgitation,
n = 5; aortic stenosis, n = 5; aortic regurgitation, n = 1; mixed
mitral and aortic disease, n = 1; unknown, n = 1). A total of
127 patients did not undergo vasodilator therapy, 31 received
sildenail alone, and 13 underwent dual therapy (sildenail
with macitentan, n = 8; bosentan, n = 4; ambrisentan, n =
1). In the Cpc-PH group, 13 patients had coexistent chronic
thromboembolic PH, and nine had coexistent lung disease.
3

Combined Pre- and Postcapillary Pulmonary Hypertension
Table 1: Baseline Patient Demographics, Hemodynamics, and Cardiac MRI Metrics in Patients with Pulmonary Arterial
Wedge Pressure Greater than 15 mmHg, Split by the Diastolic Pulmonary Gradient

Characteristic

All (n = 171)

DPG , 0 (n = 58)

DPG 0–6.9 (n = 57) DPG  7 (n = 56)

Age (y)
Sex (female/male)
WHO functional class (I, II, III, IV)

70 6 10
105/66 (61/39)
0, 18, 143, 9
(0, 11, 84, 5)
157 6 126
772 6 484

70 6 10
38/20 (66/64)
0, 11, 45, 2
(0, 19, 78, 3)
156 6 111
830 6 488

71 6 10
34/23 (60/40)
0, 6, 49, 2
(0, 10, 86, 4)
171 6 130
820 6 507

69 6 11
33/23 (59/41)
0, 1, 50, 5
(0, 2, 89, 9)
146 6 135
664 6 445

43 6 12
15 6 5
21 6 5
2.6 6 0.7
720 6 483
64 6 9
469
21 6 11
47 6 21
151 6 30
0.43 6 0.16

35 6 8
13 6 5
23 6 5
2.9 6 0.7
357 6 182
67 6 8
24 6 2
12 6 5
33 6 13
113 6 20
0.32 6 0.08

40 6 9
15 6 5
21 6 5
2.5 6 0.7
622 6 316
63 6 9
362
18 6 6
42 6 16
144 6 25
0.42 6 0.16

54 6 8
16 6 6
19 6 3
2.5 6 0.8
1193 6 455
62 6 10
14 6 6
34 6 8
68 6 15
142 6 28
0.55 6 0.13

,.001
.011
,.001
.008
,.001
.007
,.001
,.001
,.001
.002
,.001

70 6 19
72 6 18
47 6 19

74 6 17
73 6 16
55 6 17

68 6 20
73 6 17
51 6 18

67 6 20
69 6 20
36 6 16

.139
.401
,.001

89 6 31
49 6 23
46 6 13
19 6 10
68 6 21
24 6 14
65 6 12
56 6 20
12 6 9
0.36 6 0.19
154 6 20
62 6 28
82 6 25
361

85 6 31
42 6 22
53 6 12
17 6 10
77 6 21
27 6 15
66 6 13
59 6 22
14 6 10
0.30 6 0.16
141 6 10
65 6 24
93 6 27
261

87 6 31
47 6 19
46 6 10
18 6 8
70 6 19
25 6 13
65 6 10
58 6 21
14 6 9
0.32 6 0.11
157 6 14
70 6 32
83 6 20
361

93 6 30
59 6 24
38 6 11
24 6 11
56 6 20
20 6 13
65 6 12
51 6 16
865
0.49 6 0.21
174 6 17
49 6 24
68 6 22
361

.383
,.001
,.001
.001
,.001
.019
.991
.131
,.001
,.001
,.001
,.001
,.001
,.001

ISWT (mo)
Survival (y)
RHC
mPAP (mmHg)
mRAP (mmHg)
PAWP (mmHg)
CI (L/m2)
PVRI (dyne·sec·m2)
SvO2 (%)
DPG (mmHg)
TPG (mmHg)
SPG (mmHg)
MAP (mmHg)
mPAP-to-MAP ratio
Spirometry
FEV1 (% predicted)
FVC (% predicted)
TLCO (% predicted)
Cardiac MRI
RV EDV index (mL·m22)
RV ESV index (mL·m22)
RV EF (%)
RV mass index (mL·m22)
LV EDV index (mL·m22)
LV ESV index (mL·m22)
LV EF (%)
LV mass index (mL·m22)
PA RAC (%)
VMI ratio
IV septal angle (degrees)
Left atrial volume index (mL·m22)
Stroke volume (mL)
Black blood score

P Value
.638
.727
.029
.637
.121

Note.—Continuous variables are presented as mean 6 standard deviation. Categorical variables are presented as number, with percentage
in parentheses. Analysis of variance was used to calculate signiicance of diference between groups for continuous variables, and x2 test was
for categorical variables. CI = cardiac index, DPG = diastolic pulmonary gradient, EDV = end-diastolic volume, EF = ejection fraction, ESV =
end-systolic volume, FEV1 = forced expiratory volume in one second, FVC = forced vital capacity, ISWT = incremental shuttle walk test,
IV = interventricular, LV = left ventricle, MAP = mean systemic arterial pressure, mPAP = mean pulmonary artery pressure, mRAP = mean
right atrial pressure, PA = pulmonary artery, PAWP = pulmonary arterial wedge pressure, PVRI = pulmonary vascular resistance index,
RAC = relative area change, RV= right ventricle, SPG = systolic pressure gradient (sPAP-PAWP), SvO2 = mixed venous oxygen saturations, TLCO = transfer factor for carbon monoxide, TPG = transpulmonary pressure gradient (mPAP-PAWP), VMI = ventricular
mass index, WHO-FC = World Health Organization-Functional Class.

Of these patients, 25 did not undergo vasodilator therapy,
19 received sildenail alone, and 12 underwent dual therapy
(sildenail with macitentan, n = 8; bosentan, n = 4).
Systolic IVS angle correlated with DPG (r = 0.739, P , .001)
and PVR (r = 0.626, P , .001). Figure 3 presents scatterplots
of IVS angle against DPG and PVR. he correlation of IVS angle with DPG was greater in the group with elevated DPG (R
4

= 0.190, P = .04 in patients with DPG , 7 mmHg; R = 0.549,
P , .001 in patients with DPG  7 mmHg). Systolic IVS
angle correlated with the transpulmonary gradient, PAWP, and
mPAP (r = 0.77, P , .001; r = 20.20, P = .01; and r = 0.64, P
, .001, respectively). Other MRI markers had weaker correlations with DPG; the correlations and P values for each metric
with DPG, transpulmonary gradient, and PVR are provided in
radiology.rsna.org n Radiology: Volume 00: Number 0—0 2018
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systemic pressure. Although IVS
angle and DPG correlated with all
three, the strongest correlation was
for systolic pulmonary arterial pressure–to–systolic systemic pressure
ratio (R = 0.674 for IVS angle, R =
0.702 for DPG).
Systolic IVS angle had modest correlations with right ventricular end-diastolic volume (R
= 0.257, P = .001), right ventricular end-systolic volume (R
= 0.302, P , .001), left ventricular end-diastolic volume
(R = 20.231, P = .002), left ventricular end-systolic volume (R =
Figure 3: Scatterplots show the correlation of systolic interventricular septal angle with diastolic pul20.140, P = .07), and the ratio
monary pressure gradient and pulmonary vascular resistance. Solid line represents the line of best fit,
of right-to-left end-diastolic voland dotted lines represent 95% confidence intervals.
ume (R = 0.420, P , .001) and
end-systolic volume (R = 0.462,
Appendix E1 (online). Patients with Cpc-PH had signiicantly
P , .001). At multivariable analysis, IVS angle was indeelevated right ventricular end-systolic volumes and mass (and
pendently associated with DPG (hazard ratio, 11.807; 95%
therefore ventricular mass index), reduced stroke volume, and
CI: 9.7, 13.9) and right-to-left end-systolic volume ratio
right ventricular ejection fraction. In the Cpc-PH cohort, left
(hazard ratio, 3.400; 95% CI: 1.3, 5.5).
ventricular end-diastolic volume and left atrial volume index
were reduced, and the pulmonary arterial relative area change
Prediction of Outcome
was signiicantly reduced.
Mean follow-up was 2.1 years (standard deviation, 1.3),
Receiver operating characteristic curve analysis (Appenduring which there were 48 deaths. Systolic IVS angle endix E1 [online]) showed that septal angle could be used to
abled prediction of all-cause mortality at univariable analyidentify patients with elevated DPG (7 mmHg) with an
sis, with a standardized Cox proportional hazard ratio of
area under the receiver operating characteristic curve of 0.911
1.615 (95% CI: 1.253, 2.082; P , .001). Table 4 shows the
(P , .001). IVS angle also enabled identiication of elevated
univariate hazard ratios for outcome. Kaplan-Meier analypulmonary vascular resistance (.3 Woods units or .240
sis, dichotomized by 160°, showed a diference in outcome
dyne·sec), with an area under the receiver operating charac(log-rank test, x2 = 11.02; P , .001) and is available in
teristic curve of 0.783 (P , .001). In the irst 85 patients (the
Appendix E1 (online). DPG, PVR, and transpulmonary
derivation cohort), the Youden index was used to identify a
gradient were indicative of death (standardized Cox proporseptal angle of 160° as a diagnostic threshold for Cpc-PH,
tional hazard ratio, 1.708, 1.667, and 1.609 respectively; P
with 67% sensitivity and 93% speciicity (P , .001). When
, .008). IVS angle, DPG, and PVR were all used to predict
tested in the second 86 patients (the validation cohort), the
death at 2 years (area under the curve = 0.71 for all three
threshold of 160° had 67% sensitivity (95% conidence infactors, P , .001) (Fig 4).
terval [CI]: 49, 81), 93% speciicity (95% CI: 83, 97), 83%
At univariable analysis, PAH vasodilator therapy was associated
positive predictive value (95% CI: 64, 93), and 84% negative
with death (Cox univariable hazard ratio, 1.83; 95% CI: 1.026,
predictive value (95% CI: 64, 93).
3.266; P = .04) (log-rank x2 = 4.314, P = .04). However, when
In all patients suspected of having PH, there was a sigentered as a dummy variable with septal angle or hemodynamic
niicant correlation between the IVS angle and the diastolic
parameters, it did not reach statistical signiicance (P = .26).
pulmonary arterial pressure or mPAP (Table 2). here was
no correlation between the septal angle and either DPG or
Reproducibility of the Interventricular Septal Angle
mPAP in patients without PH (P = .15 and P = .53, respecMeasurement
tively). All of the groups had an elevated septal angle when
here was excellent interobserver agreement (intraclass corcompared with the groups of patients without PH. Patients
relation coeicient= 0.902, P , .001). A Bland-Altman plot
with PH due to left-sided heart disease had a lower septal
showed a tiny bias of 22% and close 95% limits of agreement
angle than did the other groups of patients with PH due to
of 212% to 8%. here was also excellent intraobserver agreethe combination of Ipc-PH and Cpc-PH.
ment (intraclass correlation coeicient = 0.979, P , .001).
Bland-Altman analysis showed a tiny bias of 2% and 95% limits of agreement of 24% to 8%. Bland-Altman plots for intraHemodynamic Basis of Interventricular Septal Angle
and interobserver reproducibility are provided in Appendix E1
Table 3 shows the correlation between IVS angle and DPG with
(online).
the ratios of mean, diastolic, and systolic pulmonary artery to
Radiology: Volume 00: Number 0—0 2018 n radiology.rsna.org
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Table 2: Assessment of Systolic Interventricular Septal Angle in Patients with or without Pulmonary Hypertension

Characteristic

No PH (n = 114) 1:PAH (n = 230) 2:LHD (n = 171) 3:Resp (n = 52) 4:CTEPH (n = 118) 5:Misc (n = 16)

Mean IVS angle (degrees) 138 (11)*†‡§||
Correlation with DPG
0.083
Correlation with mPAP
0.112

170 (23)†**
0.618††
0.606††

152 (18)*§**
0.637††
0.719††

164 (21)†**
0.728††
0.698††

166 (22)†**
0.662††
0.618††

168 (25)**
0.719††
0.853††

Note.—Signiicant diferences are deined as P , .05 after Bonferroni correction. CTEPH = chronic thromboembolic pulmonary hypertension, DPG = diastolic pulmonary gradient, LHD = left-sided heart disease, Misc = pulmonary hypertension due to miscellaneous causes,
mPAP = mean pulmonary arterial pressure, PAH = pulmonary arterial hypertension, PH = pulmonary hypertension, Resp = respiratory.
* Diferent to group 1:PAH.
†
Diferent to group 2:LHD.
‡
Diferent to group 3:lung disease.
§
Diferent to group 4:CTEPH.
||
Diferent to group 5:misc.
** Diferent to no PH.
††
Correlation is statistically 21signiicant.

Discussion

Table 3: Pearson Correlation Coefficients between Hemodynamic Measures in the Whole
Cohort

Our study shows that IVS
angle can be used to idenmPAP:MAP
sPAP:SAP
dPAP:DAP
tify Cpc-PH in patients
Pearson Correlation
Pearson Correlation
Pearson Correlation
with PAWP greater than
P Value Coeicient
P Value Coeicient
P Value
Characteristic Coeicient
15 mmHg who are referred
IVS angle
0.557
,.001 0.674
,.001 0.514
,.001
to a PH center. A systolic
DPG
0.637
,.001 0.702
,.001 0.662
,.001
IVS angle of 160° enabled
identiication of patients
Note.—DAP = diastolic systemic blood pressure, dPAP = diastolic pulmonary arterial pressure, DPG =
diastolic pulmonary gradient, IVS = interventricular septum, MAP = mean systemic arterial pressure,
with elevated DPG with
mPAP = mean pulmonary arterial pressure, PAWP = pulmonary arterial wedge pressure, sPAP = systolic
67% sensitivity and 93%
pulmonary arterial pressure, SAP = systemic systolic blood pressure.
speciicity and served to
identify patients with a
higher risk of death.
Table 4: Univariable Cox Proportional Hazards and 95% CI for Diastolic Pulmonary GraWe postulate that IVS
dient, Transpulmonary Gradient, Pulmonary Vascular Resistance, and Systolic Intervenangle represents a good
tricular Septum Angle Standardized by z Score
estimate for the transpulCharacteristic
HR
95% CI
P Value
monary gradient, as it is
DPG
1.708
1.332, 2.189
,.001
a marker of the pressure
TPG
1.609
1.249, 2.071
,.001
diference between the left
PVR
1.667
1.332, 2.085
,.001
and right ventricle (23).
mPAP
1.513
1.156, 1.980
.003
However, it should be
Systolic IVS angle
1.615
1.253, 2.082
,.001
noted that this is diferDiastolic IVS angle
1.651
1.236, 2.206
.001
ent from the DPG, which
is the pressure diferential
Note.—CI = conidence interval, DPG = diastolic pulmonary gradient, HR = hazard ratio, IVS = interventricular septum, mPAP = mean pulmonary arterial pressure, PVR = pulmonary vascular resistance,
between the pulmonary
TPG = transpulmonary gradient.
artery and the mean PAWP
(a surrogate marker for left
atrial pressure). We have
shown that the ratio of pressures between the pulmonary arDPG, suggesting the lattening is most associated with the
tery and systemic circulations are accurately relected by the
pressure gradient between the right and left ventricles.
IVS angle, particularly at systole. We have also shown a strong
Patients with Cpc-PH had features of precapillary PH at
relationship between the pulmonary arterial–to–systemic prescardiac MRI, such as signiicantly elevated right ventricular
sure ratio and DPG. he association between IVS lattening
end-systolic volume and mass (and thus ventricular mass
and DPG is independent of other cardiac volumetric and funcindex), reduced stroke volume, and right ventricular ejectional measurements. However, the relative volumes of the
tion fraction. In the Cpc-PH cohort, left ventricular endright and left ventricle do contribute to a lesser extent. While
diastolic volume and left atrial volume index were reduced
there is modest correlation between IVS angle and right-to(reduced illing). In support of the model that precapillary
left ventricular volume ratio, the strongest correlation is with
pulmonary vascular remodeling caused reduced precapillary
6
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Figure 4: Receiver operating characteristic (ROC) curves used to predict death at 2 years by using interventricular septal angle, diastolic pulmonary gradient, and pulmonary vascular resistance. AUC = area under the ROC curve.

arterial compliance in the patients with Cpc-PH, pulmonary arterial relative area change was signiicantly reduced.
hese indings suggest the presence of precapillary PH in
patients with left-sided heart disease; however, the strongest
metric was systolic IVS angle. Systolic IVS angle is easily
measured and has excellent inter- and intraobserver reproducibility. Systolic IVS angle was the most diagnostic of
Cpc-PH, likely because this is when the pressure diference
between the right and left ventricle is most marked.
here is ongoing debate regarding the best way to assess for
Cpc-PH. Initially, the transpulmonary gradient (mPAP-PAWP)
was used to identify patients who had a precapillary component
to their PH (4). Because this is afected by cardiac output, PVR,
and PAWP, it is now recommended that a DPG of 7 mmHg or
higher, a PVR of more than 3 Woods units, or both should be
used to deine Cpc-PH (22,25). he IVS angle correlated more
strongly with DPG than with PVR, likely because it is a surrogate measure for pressure diferences rather than for the vascular
resistance, which is also related to cardiac output. here is debate
over the importance of negative DPG, with reports of negative
DPG being associated with a favorable outcome rather than a
representation of the inaccuracies of PAWP measurement (26).
Negative DPG is likely due to use of mean PAWP in DPG calculation rather than to diastolic PAWP. Further work is warranted
to identify the most robust hemodynamic marker for Cpc-PH.
Current recommendations for PH due to left-sided heart disease center on treatment of the underlying left-sided heart disease; for example, correcting valvular heart disease, optimizing
volume status, or heart failure therapy. However, there is interest in potential pulmonary vasodilator therapy. A noninvasive
tool, such as IVS angle, to diferentiate Cpc-PH from Ipc-PH
for inclusion in potential clinical trials would be beneicial (9–
12,24,27,28). Furthermore, in patients suspected of having PH
due to left-sided heart disease, a lattened IVS angle should trigger a search for potential causes of precapillary disease.
Our study was limited by its retrospective design and the fact
that it was conducted in a PH referral center, where the incidence
of PH is higher than in the general population of patients with
Radiology: Volume 00: Number 0—0 2018 n radiology.rsna.org

left-sided heart disease. Furthermore, the proposed threshold of
IVS angle to identify patients with high diastolic pressure gradients
requires assessment in a separate cohort. Future work is required to
evaluate this threshold, assess the role of septal measurement in a
more general cohort of patients with left-sided heart disease, and
assess similarities with idiopathic pulmonary arterial hypertension.
In conclusion, MRI-derived systolic IVS angle can be used to
noninvasively identify patients with combined pre- and postcapillary pulmonary hypertension in a cohort of patients suspected of
having PH, and elevated PAWP. IVS angle can be used to predict
which patients with left-sided heart disease are at risk for a poor
outcome and may enable us to identify patients for targeted therapy.
Author contributions: Guarantors of integrity of entire study, C.S.J.; study

concepts/study design or data acquisition or data analysis/interpretation, all authors;
manuscript drafting or manuscript revision for important intellectual content, all
authors; approval of inal version of submitted manuscript, all authors; agrees to
ensure any questions related to the work are appropriately resolved, all authors;
literature research, C.S.J., S.R., D.G.K., A.J.S.; clinical studies, C.S.J., S.R., E.T.,
D.C., C.E., D.G.K., A.J.S.; statistical analysis, C.S.J., E.T., A.J.S.; and manuscript
editing, C.S.J., J.M.W., S.R., D.C., C.E., R.C., D.G.K., A.J.S.

Disclosures of Conflicts of Interest: C.S.J. disclosed no relevant relation-

ships. J.M.W. disclosed no relevant relationships. S.R. disclosed no relevant relationships. E.T. disclosed no relevant relationships. D.C. disclosed no relevant
relationships. C.E. Activities related to the present article: disclosed no relevant
relationships. Activities not related to the present article: received a speaker fees
from Bayer Pharmaceuticals; was reimbursed for expenses by MSD Pharmaceuticals. Other relationships: disclosed no relevant relationships. R.C. Activities related
to the present article: disclosed no relevant relationships. Activities not related to the
present article: received honoraria from Actelion, GlaxoSmithKline, and Bayer; was
reimbursed by Actelion and Bayer. Other relationships: disclosed no relevant relationships. A.C. disclosed no relevant relationships. D.G.K. Activities related to the
present article: received partial funding from Bayer Pharmaceuticals. Activities not
related to the present article: is a consultant for Actelion, Bayer, and GlaxoSmithKline; institution has received funding from Actelion and GlaxoSmithKline; gave
educational lectures for Actelion, Bayer, GlaxoSmithKline and Merck; developed
educational presentations for Actelion; was reimbursed by Actelion, Merck, and
GlaxoSmithKline. Other relationships: disclosed no relevant relationships. A.J.S.
disclosed no relevant relationships.

References
1. Guazzi M, Naeije R. Pulmonary hypertension in heart failure: pathophysiology, pathobiology, and emerging clinical perspectives. J Am Coll Cardiol
2017;69(13):1718–1734.

7

Combined Pre- and Postcapillary Pulmonary Hypertension
2. Gerges C, Gerges M, Lang MB, et al. Diastolic pulmonary vascular pressure gradient: a predictor of prognosis in “out-of-proportion” pulmonary hypertension. Chest
2013;143(3):758–766.
3. Naeije R. Measurement to predict survival: the case of diastolic pulmonary gradient.
JACC Heart Fail 2015;3(5):425.
4. Naeije R, Vachiery JL, Yerly P, Vanderpool R. he transpulmonary pressure gradient
for the diagnosis of pulmonary vascular disease. Eur Respir J 2013;41(1):217–223.
5. Opitz CF, Hoeper MM, Gibbs JS, et al. Pre-capillary, combined, and post-capillary pulmonary hypertension: a pathophysiological continuum. J Am Coll Cardiol
2016;68(4):368–378.
6. Jacobs W, Konings TC, Heymans MW, et al. Noninvasive identiication of left-sided
heart failure in a population suspected of pulmonary arterial hypertension. Eur
Respir J 2015;46(2):422–430.
7. Leopold JA. Biological phenotyping of combined post-capillary and pre-capillary
pulmonary hypertension: focus on pulmonary vascular remodeling. J Am Coll Cardiol 2016;68(23):2537–2539.
8. Assad TR, Hemnes AR, Larkin EK, et al. Clinical and biological insights into
combined post- and pre-capillary pulmonary hypertension. J Am Coll Cardiol
2016;68(23):2525–2536.
9. Rosenkranz S, Gibbs JSR, Wachter R, De Marco T, Vonk-Noordegraaf A, Vachiéry
J-LL. Left ventricular heart failure and pulmonary hypertension. Eur Heart J
2016;37(12):942–954.
10. Galiè N, Humbert M, Vachiery J-L, et al. 2015 ESC/ERS guidelines for the diagnosis and treatment of pulmonary hypertension: the Joint Task Force for the Diagnosis
and Treatment of Pulmonary Hypertension of the European Society of Cardiology
(ESC) and the European Respiratory Society (ERS): Endorsed by: Association for
European Paediatric and Congenital Cardiology (AEPC), International Society for
Heart and Lung Transplantation (ISHLT). Eur Heart J 2016;37(1):67–119.
11. Bonderman D, Pretsch I, Steringer-Mascherbauer R, et al. Acute hemodynamic effects of riociguat in patients with pulmonary hypertension associated with diastolic
heart failure (DILATE-1): a randomized, double-blind, placebo-controlled, singledose study. Chest 2014;146(5):1274–1285.
12. Koller B, Steringer-Mascherbauer R, Ebner CH, et al. Pilot study of endothelin receptor blockade in heart failure with diastolic dysfunction and pulmonary hypertension (BADDHY-trial). Heart Lung Circ 2017;26(5):433–441.
13. Crawley SF, Johnson MK, Dargie HJ, Peacock AJ. LA volume by CMR distinguishes
idiopathic from pulmonary hypertension due to HFpEF. JACC Cardiovasc Imaging
2013;6(10):1120–1121.
14. D’Alto M, Romeo E, Argiento P, et al. Echocardiographic prediction of pre- versus
postcapillary pulmonary hypertension. J Am Soc Echocardiogr 2015;28(1):108–115.

8

15. Hurdman J, Condlife R, Elliot CA, et al. ASPIRE registry: assessing the spectrum of
pulmonary hypertension Identiied at a referral centre. Eur Respir J 2012;39(4):945–
955.
16. Johns CS, Rajaram S, Capener DA, et al. Non-invasive methods for estimating
mPAP in COPD using cardiovascular magnetic resonance imaging. Eur Radiol
2018;28(4):1438–1448.
17. Swift AJ, Rajaram S, Hurdman J, et al. Noninvasive estimation of PA pressure, low,
and resistance with CMR imaging: derivation and prospective validation study from
the ASPIRE registry. JACC Cardiovasc Imaging 2013;6(10):1036–1047.
18. Roeleveld RJ, Marcus JT, Faes TJC, et al. Interventricular septal coniguration at
mr imaging and pulmonary arterial pressure in pulmonary hypertension. Radiology
2005;234(3):710–717.
19. Gan CT, Lankhaar J, Marcus JT, et al. Impaired left ventricular illing due to rightto-left ventricular interaction in patients with pulmonary arterial hypertension.
2006;1528–1533.
20. Johns CS, Wild JM, Rajaram S, Swift AJ, Kiely DG. Current and emerging imaging
techniques in the diagnosis and assessment of pulmonary hypertension. Expert Rev
Respir Med 2018;12(2):145–160.
21. Swift AJ, Capener D, Johns C, et al. Magnetic resonance imaging in the prognostic
evaluation of patients with pulmonary arterial hypertension. Am J Respir Crit Care
Med 2017;196(2):228–239.
22. Vachiéry J-L, Adir Y, Barberà JA, et al. Pulmonary hypertension due to left heart
diseases. J Am Coll Cardiol 2013;62(25 Suppl):D100–D108.
23. Freed BH, Collins JD, François CJ, et al. MR and CT imaging for the evaluation of
pulmonary hypertension. JACC Cardiovasc Imaging 2016;9(6):715–732.
24. Kiely DG, Elliot CA, Sabroe I, Condlife R. Pulmonary hypertension: diagnosis and
management. BMJ 2013;346:f2028.
25. Tampakakis E, Tedford RJ. Balancing the positives and negatives of the diastolic
pulmonary gradient. Eur J Heart Fail 2017;19(1):98–100.
26. Nagy AI, Venkateshvaran A, Merkely B, Lund LH, Manouras A. Determinants and
prognostic implications of the negative diastolic pulmonary pressure gradient in
patients with pulmonary hypertension due to left heart disease. Eur J Heart Fail
2017;19(1):88–97.
27. Guazzi M, Vicenzi M, Arena R, Guazzi MDM. Pulmonary hypertension in heart
failure with preserved ejection fraction: a target of phosphodiesterase-5 inhibition in
a 1-year study. Circulation 2011;124(2):164–174.
28. Hussain N, Charalampopoulos A, Ramjug S, et al. Pulmonary hypertension in patients with heart failure and preserved ejection fraction: diferential diagnosis and
management. Pulm Circ 2016;6(1):3–14.

radiology.rsna.org n Radiology: Volume 00: Number 0—0 2018

