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Abstract Although abnormal septal motion is a well-

known sign of increased pulmonary arterial pressures, it

is not routinely used to quantify the severity of

pulmonary hypertension (PH). This determination

relies on invasive measurements or Doppler echocar-

diographic estimation of right ventricular (RV) pres-

sures, which is not always feasible or accurate in

patients with PH. We hypothesized that dynamic 3D

analysis of septal curvature from cardiac magnetic

resonance (CMR) images may reveal differences

between patients with different degrees of PH. Forty-

four patients (14 controls; 30 PH patients who under-

went right heart catheterization) were studied using

CMR and echocardiography. CMR imaging was per-

formed using Philips 1.5T scanner with a phased-array

cardiac coil, in a retrospectively gated steady-state free

precession cine mode at 30 frames per cardiac cycle.

Patients were divided into 3 subgroups according to

pulmonary arterial pressure. CMR images were used to

reconstruct dynamic 3D left ventricular endocardial

surfaces, which were analyzed to calculate septal

curvature throughout the cardiac cycle. 3D curvature

analysis was feasible in 88% patients. Septal curvature

showed different temporal patterns in different groups.

Curvature values progressively decreased with increas-

ing severity of PH, and correlated well with invasive

pressures (r-values 0.78–0.79), pulmonary vascular

resistance (r = 0.83) and Doppler-derived RV peak-

systolic pressure (r = 0.75). 3D analysis of septal

curvature from CMR images may become a useful

component in the CMR examination in patients with

known or suspected PH.

Keywords Pulmonary hypertension � Cardiac

magnetic resonance � Inter-ventricular septum �
Endocardial curvature � Three-dimensional analysis

Introduction

Ventricular remodeling as a result of disease pro-

gression or regression or in response to therapy is

reflected by changes in ventricular volume, function

and shape. It is well understood that such changes

may occur independently of each other [1–4]. Indeed,

analysis of left ventricular (LV) shape using global

shape indices, such as sphericity, has been useful in

the evaluation of ventricular remodeling in a variety

of disease states, using different imaging modalities,

including radionuclide ventriculography [5, 6],
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electron beam computed tomography [7] and echo-

cardiography [8–11]. However, when ventricular

shape is affected regionally, e.g. the flattening and

abnormal dyssynergic motion of the interventricular

septum (IVS) in pulmonary hypertension (PH), the

value of global shape indices is limited.

Cardiac magnetic resonance (CMR) imaging is

currently the standard reference technique for the

evaluation of both left and right ventricular (RV)

volumes and function, and its value in the assessment of

patients with PH is increasingly recognized [12–14].

Nevertheless, current CMR tools do not provide

accurate estimates of the severity of PH, beyond the

load-dependent measurements of RV volume, ejection

fraction and trans-valvular flow profiles [12, 15]. More

accurate evaluation of the severity of PH requires

additional testing that provides measurements of

pulmonary arterial pressure. This is currently achieved

by either invasive catheter-based techniques or echo-

cardiographic quantification of tricuspid regurgitation

[16, 17], which may in some patients be difficult and/or

unreliable because of absence of a detectable jet, severe

tricuspid regurgitation or limited acoustic windows.

Several recent studies have reported significant

relationships between septal curvature derived from

CMR images and pulmonary arterial pressures [18,

19] or pulmonary vascular resistance [20]. These

studies measured septal curvature in a single slice at

one or two phases of the cardiac cycle. We hypoth-

esized that three-dimensional (3D) analysis of

regional LV shape from CMR images [21, 22] may

allow the quantification of IVS curvature throughout

the cardiac cycle. Such 3D analysis potentially could

more accurately reflect the dynamic shape of the IVS

and its relationship with pulmonary pressure and

resistance. The present study was designed to deter-

mine whether this analysis could be used to charac-

terize patterns of septal motion in normal subjects

and in patients with different degrees of PH that

cannot be differentiated using global measures of

either ventricular size or shape.

Methods

Population

We studied a total of 44 patients. This included 30

consecutive patients (age: 53 ± 14 years) with

suspected PH, who underwent right heart catheteri-

zation and CMR imaging as well as 2D and Doppler

echocardiography. In the majority of patients, CMR

and echocardiography were performed on the same

day; the time between catheterization and imaging

was 13 ± 22 days in 25 patients, and [60 days in 5

patients. Patients were included only if no clinically

significant changes were noted between CMR and

catheterization and treatment regimens were not

changed. An additional 14 patients with normal LV

and RV function were used as controls (NL; age:

51 ± 18 years). Patients with PH were divided into 3

subgroups according to the mean arterial pulmonary

pressure (MPAP): mild (25–34 mmHg), moderate

(35–50 mmHg) and severe ([50 mmHg). The demo-

graphics and clinical characteristics of the study

population are summarized in Table 1. The etiology

of PH was determined to be: idiopathic (N = 16),

secondary to connective tissue disease (N = 4);

thromboembolic disease (N = 2), LV dysfunction

(N = 2), congenital disease (2 atrial septal defects,

and 1 anomalous pulmonary vein drainage), drug-

induced (anorexic drugs, N = 2), and sarcoidosis

(N = 1). Exclusion criteria were: pacemaker or

defibrillator implantation, left bundle branch block,

claustrophobia, as well as regional LV wall motion

abnormalities and asymmetric LV hypertrophy which

could affect interventricular septal curvature. We did

not exclude patients with severe tricuspid regurgita-

tion, RV volume overload or RV hypertrophy. The

protocol was approved by the Institutional Review

Board. While all procedures were performed as

standard of care, written informed consent was

obtained in all patients who agreed to be entered

into the registry database.

Right heart catheterization

Right heart catheterization was performed as usual

standard of care. After venous access was estab-

lished, a balloon-directed thermodilution catheter

was placed in the venous circulation and advanced

into the pulmonary artery. Pressures were recorded

and cardiac output was measured with the thermo-

dilution technique in order to calculate pulmonary

vascular resistance (PVR) as: (MPAP—pulmonary

capillary wedge pressure)/cardiac output, in Wood

units.
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Echocardiographic evaluation of RV pressure

Echocardiographic imaging was performed using a

commercial system (iE33, Philips Healthcare, Ando-

ver, Massachusetts) with an S3 transducer from the

apical window, with the patient in the left lateral

decubitus position. Images were stored digitally and

analyzed off-line (EnConcert, Philips Healthcare).

Right ventricular systolic pressure (RVSP) was

estimated using a standard previously described

technique [16, 23, 24]. Briefly, tricuspid regurgitant

flow was identified by color flow Doppler imaging,

and the maximum jet velocity was measured by

continuous wave Doppler. RVSP was estimated

based on the modified Bernoulli equation and was

considered to be equal to the systolic pulmonary

arterial pressure (SPAP) in the absence of right

ventricular outflow obstruction: RVSP = SPAP(mm

Hg) = trans-tricuspid valve gradient ? right atrial

pressure. Trans-tricuspid valve gradient was calcu-

lated as 4v2, where v = peak velocity of tricuspid

regurgitation in m/s, and the right atrial pressure was

derived form the inferior vena cava dimensions

and its collapsibility using standard methodology

[16, 25].

CMR imaging

CMR images were obtained using a 1.5 Tesla Achieva

scanner (Philips Medical Systems, Best, Netherlands)

with a phased-array cardiac coil. Retrospectively gated

steady-state free precession cine images were acquired

(2 slices per breath-hold) at a rate of 30 frames per

cardiac cycle using the following parameters: TE 1 ms,

TR 3 ms, flip angle 60�, slice thickness 6 mm with

4 mm gaps, minimal field of view, scan matrix 256 9

256 pixels, resolution varying from 1.25 9 1.25 mm

to 1.79 9 1.79 mm, and SENSE factor 2. After a stack

of parallel short-axis slices was obtained from just

above the ventricular base to just below the apex, three

long-axis planes representing the two-, three- and four-

chamber views were acquired.

Table 1 Demographics and clinical data of the study population including normal controls (NL) and patients with pulmonary

hypertension (PH) divided into 3 subgroups according to mean pulmonary arterial pressure (mPAP)

NL Mild PH

mPAP 25–34 mmHg

Moderate PH

mPAP 35–50 mmHg

Severe PH

mPAP [ 50 mmHg

n 14 12 9 9

Gender (M/F) 10/4 4/8 2/7 3/6

Age (years) 51 ± 18 61 ± 13 51 ± 10 47 ± 14

Height (cm) 173 ± 7 167 ± 8 167 ± 7 164 ± 10*

Weight (kg) 71 ± 11 81 ± 19 80 ± 19 72 ± 15

BSA (m2) 1.84 ± 0.18 1.91 ± 0.27 1.92 ± 0.26 1.81 ± 0.25

SPAP (mmHg) N/A 44 ± 21 70 ± 10• 101 ± 8•u

DPAP (mmHg) N/A 17 ± 10 27 ± 11• 32 ± 17•

MPAP (mmHg) N/A 29 ± 4 43 ± 5• 64 ± 8•u

PVR (Wood) N/A 3.7 ± 2.2 8.2 ± 2.5• 13.3 ± 2.9•u

RV EDV (mL) 147 ± 36 228 ± 130 275 ± 101* 332 ± 146*•

RV ESV (mL) 64 ± 15 150 ± 133 199 ± 93* 266 ± 132*•

RV EF (%) 56 ± 5 42 ± 18 31 ± 11* 24 ± 8*

LV EDV (mL) 156 ± 43 153 ± 55 122 ± 11* 114 ± 29*•

LV ESV (mL) 74 ± 34 74 ± 54 52 ± 8* 49 ± 21*

LV EF (%) 54 ± 10 56 ± 16 57 ± 5 58 ± 11

ED LV sphericity index (%) 41 ± 8 47 ± 11 36 ± 6 35 ± 9

ES LV sphericity index (%) 30 ± 9 38 ± 13 32 ± 7 23 ± 11

NL normal, M male, F female, BSA body surface area, SPAP, DPAP, MPAP systolic, diastolic and mean pulmonary arterial pressure,

PVR pulmonary vascular resistance, RV, LV right and left ventricular, EDV, ESV end-diastolic and end-systolic volumes, EF ejection

fraction, N/A not applicable

* P \ 0.05 versus NL, • P \ 0.05 versus Mild, u P \ 0.05 versus Moderate (analysis of variance)
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Analysis of global ventricular size, function

and shape

LV and RV endocardial borders were semi-automat-

ically traced throughout the cardiac cycle using

commercial software (MR Cardiac Analysis, View-

Forum, Philips) using standard methodology. Papil-

lary muscles and endocardial trabeculae were

included in the ventricular cavity. These borders

were used to calculate LV and RV volumes through-

out the cardiac cycle, from which end-diastolic and

end-systolic volumes (EDV and ESV) and ejection

fractions, LV EF and RV EF, respectively, were

obtained. In addition, LV sphericity index, defined as

the ratio of LV volume and the volume of a sphere

with a diameter equal to the length of the LV long

axis, was calculated for each consecutive frame. End-

systolic and and-diastolic values of this index were

recorded.

3D endocardial surface detection

The entire set of short- and long-axis images was

analyzed by an experienced investigator using the

4D-LV Analysis MR software (TomTec, Un-

terschleissheim, Germany), as depicted in Fig. 1.

End-diastole was identified as the first frame in the

sequence, and end-systole as the frame depicting the

smallest LV cavity. For each of these two frames, LV

endocardial boundary was manually initialized in

each of the three long-axis views (Fig. 1, left), while

including the papillary muscles and endocardial

trabeculae in the LV cavity. Then, the endocardial

surface was reconstructed by finding the best fit to the

endocardial boundaries throughout the cardiac cycle

in all views simultaneously. Subsequently, the recon-

structed surface was superimposed on the original

long-axis images and its position was adjusted frame-

by-frame by an experienced investigator wherever the

surface did not accurately follow the endocardium.

Finally, spatio-temporal smoothing was performed to

avoid discontinuities. When the temporal smoothing

resulted in incorrect tracking during rapid bouncing

septal movement, fine adjustments were made to

correct for such undesired effects of the temporal

filter and allow the surface to accurately track septal

motion throughout the entire cardiac cycle. Analysis

of one full dataset required approximately

15–20 min. The resultant dynamic endocardial sur-

face (Fig. 1, right) was exported as a series of

connected meshes for custom analysis of LV endo-

cardial curvature.

Fig. 1 Schematic representation of the 3D reconstruction of

LV endocardial surface. Following manual initialization of the

endocardial contours at end-systole and end-diastole in three

long-axis views (left panels two-, three- and four-chamber

views denoted by 2C, 3C and 4C), 3D endocardial surface was

reconstructed throughout the cardiac cycle and superimposed

on the original images (right). See text for details
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3D septal curvature analysis

Custom software was used for analysis of regional

LV endocardial curvature, as schematically depicted

in Fig. 2. First, for each node on the connected mesh

representing the LV endocardial surface a quadric

polynomial function was locally fitted to approximate

a smooth surface using a previously described

technique [26]. Then, septal region of interest was

defined at the mid ventricular level by a sector

defined by the anterior and inferior insertion points of

the RV free wall (Fig. 2a) and by excluding approx-

imately 20% of the LV length at both the base and the

apex (Fig. 2b). For each point within this septal

region, two values were calculated: maximum cur-

vature k1, defined as the inverse of R1, the radius of

the smallest circle that would fit into the surface at

that particular point, and the curvature k2 in the

perpendicular direction (Fig. 2c). Mean 3D curvature

was calculated for each point as the mean of k1 and

k2. Then, septal 3D curvature was obtained by

averaging the mean 3D curvature values measured

in all points within the septal region.

Finally, the septal 3D curvature was normalized by

mean LV curvature, defined as (mean radius)-1

calculated from instantaneous LV volume (Fig. 2d).
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kmean ⋅
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Fig. 2 Calculation of 3D septal curvature. After 3D endocar-

dial surface was reconstructed, septal region of interest was

defined at the mid ventricular level by a sector u delimited by

the anterior and inferior insertion points of the RV free wall (a,

orange dots) and by excluding approximately 20% of the LV

length at both the base and the apex (b). Then, for each node on

the endocardial surface, two values were calculated: maximum

curvature k1, defined as the inverse of R1, the radius of the

smallest circle that would fit into the surface at that particular

point, and the curvature k2, defined as the inverse of R2, the

radius of a circle that fits into the surface at the same point but

in the perpendicular direction (c). The local 3D surface

curvature, kmean, was calculated as the mean of k1 and k2,

normalized by mean curvature calculated from instantaneous

LV volume (d). V denotes volume
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This latter step was performed to compensate for

changes in IVS curvature secondary to changes in LV

size. Theoretically, if the ventricle were a perfect

sphere contracting symmetrically, then regional cur-

vature everywhere would be the same as the mean

curvature calculated from the volume, and the ratio

would be 1 at all times. Thus, for the normalized

curvature, anything that is not 1 reflects changes in

curvature beyond simple changes in the size of the

left ventricle. This procedure resulted in normalized

mean 3D septal curvature, kN. Positive kN values

reflected convex shape, i.e. septum bowing into the

RV cavity (Fig. 3a), while near zero values reflected

flattened septum (Fig. 3b), and negative values

reflected concave shape, i.e. septum bowing into the

LV cavity (Fig. 3c).

3D curvature analysis was automatically repeated

for every frame throughout the cardiac cycle,

resulting in time curves of septal 3D curvature, kN.

These time curves were analyzed to obtain the mean

curvature, kmean, by averaging kN over the cardiac

cycle, as well as the minimum and maximum 3D

curvature values, kmax and kmin, with the latter

reflecting the maximal septal bowing into the LV

cavity during abnormal septal motion.

2D septal curvature analysis

To determine whether 3D septal curvature analysis

was advantageous over the previously described 2D

analysis [27], 2D septal curvature was calculated as

recently described [19]. Briefly, in a mid ventricular

short-axis slice, two points located at the junctions

between the IVS and the RV free wall, as well as the

point in the middle of IVS were manually placed. The

radius of curvature was calculated as the radius of the

KN=+0.22 KN=0.-01

KN=-0.16
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Fig. 3 Example of 3D endocardial surface at different phases

of the cardiac cycle in a patient with pulmonary hypertension:

the interventricular septum is bowing towards the RV cavity,

resulting in positive size-normalized curvature, kN (a), then

becomes flat, resulting in near zero kN (b) and even bows

towards the LV cavity, resulting in negative kN (c). Curvature

time curve (d) depicts these changes in septal shape phase-by-

phase throughout the cardiac cycle. kmin and kmax denote

minimum and maximum values
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circle subtended by the arc determined by these three

reference points. Curvature was defined as the inverse

of the radius and was calculated for each frame. In

addition, to obtain LV size independent septal

curvature similar to our 3D analysis above, 2D

curvature was normalized by mean LV curvature,

defined as (mean radius)-1 calculated from instanta-

neous mid LV area.

Inter-group comparisons and statistics

The relationships between each of the above 2D and

3D curvature parameters with the invasive measures

of the severity of PH, including MPAP, SPAP and

PVR, as well as with the echo Doppler derived RVSP

were studied using regression analysis with Pearson’s

correlation coefficients. In addition, in patients in

whom Doppler derived RVSP was available, it was

also compared with the invasive SPAP measurements

using regression analysis with Pearson’s correlation

coefficients.

LV and RV volumes and ejections fractions, end-

systolic and end-diastolic sphericity indices, as well

as the time curves of 3D septal curvature and indices

calculated from them were averaged separately for

each group of patients (NL, mild PH, moderate PH

and severe PH) and compared between groups.

Significance of differences between groups was

tested using analysis of variance. P-values \0.05

were considered significant.

To further assess the differences in the accuracy of

the 2D and 3D analyses for the evaluation of patients

with PH, receiver operating curves (ROC) analysis

and area under curve (AUC) was used to estimate the

ability of both 2D and 3D analyses to accurately

classify each patient into two categories according to

invasively determined MPAP: \35 mmHg (none to

mild; N = 26) and C 35 (moderate to severe;

N = 18).

Reproducibility analysis

To assess the reproducibility of the 3D septal

curvature measurements, image analysis was

repeated in 15 randomly selected study subjects (10

patients with PH and 5 normal controls) by the same

observer as well as by the second independent

observer, both being blinded to all prior measure-

ments. Inter- and intra-observer variability of kmean

was calculated as an absolute difference of the

corresponding pair of repeated measurements in

percent of their mean in each patient and then

averaged over the entire group.

Results

Feasibility

We initially screened 48 patients for the study. Of

these, 4 were excluded because endocardial surfaces

could not be reconstructed due to software limitations

associated with CMR slice misregistration. 3D anal-

ysis of septal curvature throughout the cardiac cycle

was fully automated and required approximately 10 s

on a standard personal computer, once the recon-

struction and optimization of the dynamic LV

endocardial surface using the commercial software

(requiring approximately 15–30 min) was complete.

Indices of ventricular function and shape

The demographic and clinical data of the study

population are shown in Table 1. Age, height and

weight characteristics were similar between groups.

As expected, pulmonary arterial pressures progres-

sively increased from group to group, according to

the criteria used to define these groups. While RV

volumes also showed a progressive increase from

group to group, LV volumes were inversely related to

the severity of PH. While there were no differences

between groups in LV EF, RV EF progressively

decreased with the severity of PH. Although end-

diastolic sphericity index showed a trend of decrease

with the severity of PH, the end-systolic sphericity

index did not show any clear pattern, despite the

markedly decreased sphericity value in the severe PH

group.

Temporal patterns of 3D septal shape

In normal subjects, the time curves of 3D septal

curvature were positive, reflecting the convex septal

shape (bowing into the right ventricle) and showed

little change throughout the cardiac cycle. In contrast,

in patients with PH, normalized IVS curvature was

lower, reflecting septal flattening, and fluctuated

throughout the cardiac cycle, reflecting the abnormal
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‘‘bouncing’’ septal motion. In patients with severe

PH, the normalized IVS curvature reached negative

values, reflecting transient concave septal shape

(bowing into the left ventricle). Figure 3 shows an

example of 3D LV endocardial surface reconstructed

from images obtained in a patient with severe PH at

three different phases of the cardiac cycle (panels A

through C), along with the corresponding time curve

of normalized 3D septal curvature (panel D).

Averaged time curves of septal curvature depicted

different temporal patterns of changes in septal shape

in the four groups of patients (Fig. 4a). Analysis of

mean, minimum and maximum curvature values

(kmean, kmax and kmin) resulted in differences between

the groups, reflecting progressively decreasing cur-

vature with increasing severity of PH (Fig. 4b–d),

although the differences between the moderate and

severe PH groups were not statistically significant.

Correlation between echocardiography and right

heart catheterization

Of the 30 patients with PH, echocardiographic

evaluation of the RVSP was not feasible in 6 patients

because of suboptimal visualization of the tricuspid

regurgitant jet or difficulties with measurement of

peak velocity in patients with severe tricuspid

regurgitation. In two of the remaining patients,

measurements could not be obtained because image

files were corrupt. RVSP measured in the remaining

22 patients ranged between 30 and 128 mmHg (mean

74 ± 28). Despite the time lag between the invasive

and non-invasive measurements, echo Doppler

derived RVSP showed strong linear relationship with

the invasive SPAP measurements (correlation coef-

ficient of 0.89), indicating predominantly stable

severity of PH in our patients (Fig. 5).

Relationship with right heart catheterization

and echo Doppler

Regression analysis between the mean septal 3D

curvature, kmean, and the invasive data obtained

during the right heart catheterization in the 30

patients with PH showed strong linear relationships

between the variables (Fig. 6a–c). Mean septal 3D

curvature correlated well with pulmonary arterial

pressures (r-values: 0.78 for MPAP and 0.79 for
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Fig. 4 a Time curves of LV size normalized septal curvature

calculated for patients in the four groups (average values

shown with standard errors of the mean to avoid visual overlap

of error bars between groups). b through d Mean, minimum

and maximum curvature values in the four groups. See text for

details.*P \ 0.05 versus Normal (NL), •P \ 0.05 versus Mild

(analysis of variance)

1080 Int J Cardiovasc Imaging (2012) 28:1073–1085

123



SPAP). The correlation with PVR was even higher

(r = 0.83). Analysis of the minimum and maximum

3D curvature values, kmax and kmin, resulted in

similar correlation coefficients with the above inva-

sive data (r-values between 0.72 and 0.80). Figure 6d

shows the results of regression analysis between the

mean septal 3D curvature, kmean, and the echo

Doppler derived RVSP, also depicting a strong linear

relationship (r = 0.75). Of note, one patient had

severely flattened IVS with mean 3D curvature value

below 0, despite relatively low pulmonary arterial

pressures and PVR. Without this outlier, the corre-

lations between kmean and the invasive data were

considerably higher: 0.83 with MPAP, 0.84 with

SPAP, and 0.89 with PVR.

Comparison between 2D and 3D septal curvature

The results of the regression analysis between 2D or

3D septal curvature and echocardiographic or inva-

sive parameters of pulmonary pressure are listed in

Table 2. Both 2D and 3D curvature indices showed

strong correlation with pulmonary pressure and

vascular resistance, with slightly higher r-values for

3D than 2D IVS curvature. This difference was

confirmed by the results of the ROC analysis, which

showed that 2D and 3D curvature are highly accurate

parameters in discriminating between patients with

absent to mild and moderate to severe PH. However,

the AUC values were higher for 3D than 2D

curvature indices, reaching a value of 0.97 for both

max and mean 3D curvature (Table 2).

Reproducibility

Inter-observer variability of the 3D septal curvature

was higher than its intra-observer variability

(5.7 ± 3.1% vs. 4.0 ± 2.9%). Importantly, both the

inter- and intra-observer variability was well below

10%.

Discussion

Accurate quantification of pulmonary artery pressures

is critical to the management of patients with PH [13,

28], and the definitive diagnosis of PH relies today on

right heart catheterization. The most commonly used

non-invasive alternative technique to evaluate the

severity of PH is echocardiography. Although rou-

tinely used to estimate pulmonary arterial pressure

and while mostly accurate, Doppler measurements of

peak velocity of the tricuspid regurgitation jet has

several limitations [29], including: (1) the reliance on

the visualization of the tricuspid regurgitant jet which

is not always detectable, (2) the fact that peak

velocity of the jet may be difficult to measure in the

presence of severe tricuspid regurgitation, and (3) the

need for adequate acoustic windows. Because it is

also recognized that the functional capacity of the

right ventricle is an important prognostic determinant

[13], the evaluation and follow-up of these patients

commonly involves echocardiographic assessment of

RV volume and function. However, because of the

complex geometry and contractile pattern of the right

ventricle, mathematical models used to estimate RV

volumes and function from 2D echocardiographic

images are complex and potentially inaccurate. In

addition, the assessment of RV shape and function is

further complicated by the heavily trabeculated inner

contour with poor endocardial definition on ultra-

sound images, and the inability to visualize both

ventricular inflow and outflow tracts in a single plane

[30].

Accordingly, new noninvasive tools to better

quantify pulmonary artery pressures in patients with

pulmonary hypertension are needed [14]. The com-

bination of the high contrast resolution, multi-plane

imaging capacity and the dynamic nature of the
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Fig. 5 Results of linear regression analysis between echo

Doppler derived right ventricular systolic pressure (RVSP) and

peak systolic pulmonary arterial pressure (SPAP) obtained

during right heart catheterization
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steady-state free precession CMR imaging has proven

in the recent years that this imaging modality

provides accurate and highly reproducible RV vol-

ume measurements and allows sophisticated analyses

of ventricular shape, making it the widely accepted

standard reference technique. As a result, CMR

imaging is increasingly used in patients with PH to

measure RV volume and function. It is believed that

increased RV end-diastolic volume is one of the most

important markers of progressive RV failure in the

follow-up of patients with PH [13]. In addition, in the

recent years several investigators have described

sophisticated techniques for analysis of ventricular

shape from CMR images [31–34]. However, there is

no accepted CMR based tool to access RV pressure.

An accurate noninvasive technique to estimate

pulmonary arterial pressure and PVR, that does not

add to the image acquisition time, would be a

valuable addition to CMR tools for the evaluation and

follow up of this patient population.

Although it has long been recognized that systolic

flattening and abnormal motion of the IVS, seen on

both echocardiographic [35] and cine CMR images

[18–20], are signs of increased pulmonary arterial

pressures, this finding is not routinely used to

quantify these pressures. One echocardiographic

study reported a high correlation between IVS

curvature and RV end-systolic pressure [36]. A later

animal study showed that septal bowing into the left

ventricle occurred during diastole only when trans-

septal pressure gradients were higher than 5 mmHg,

and suggested a near-linear relationship between

septal curvature and the trans-septal pressure gradient

[37]. Although more recently, a few CMR studies

have focused on this concept and supported the above
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Fig. 6 Results of linear

regression analysis between

mean septal 3D curvature

and invasive indices

obtained during right heart

catheterization in 30

patients with pulmonary

hypertension: a Mean

pulmonary arterial pressure

(MPAP), b peak systolic

pulmonary arterial pressure

(SPAP), c pulmonary

vascular resistance (PVR),

and d echo Doppler derived

right ventricular systolic

pressure (RVSP)

Table 2 Comparison of 2D and 3D indices of septal curva-

ture: correlation between mean curvature and echo Doppler

derived pulmonary pressure and invasive indices obtained

during right heart catheterization (r-values), and results of the

ROC analysis for prediction of mean pulmonary pressure

[35 mmHg

2D analysis 3D analysis

Correlation with mean curvature

Mean PAP -0.67 -0.78

Systolic PAP -0.78 -0.79

PVR -0.81 -0.83

Echo RVSP -0.71 -0.75

ROC Analysis (AUC)

Min curvature 0.93 0.96

Max curvature 0.93 0.97

Mean curvature 0.91 0.97

PAP pulmonary arterial pressure, PVR pulmonary vascular

resistance, RVSP right ventricular systolic pressure, ROC
receiving operating characteristic, AUC area under the curve
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echocardiographic findings [18–20], these studies

were either qualitative or limited to 2D assessment,

relying on subjective selection of the imaging plane

and a phase of the cardiac cycle for analysis. Also,

several studies used tagged sequences to track septal

motion throughout the cardiac cycle [38, 39], which

resulted in prolonged scan times.

Our study was designed to test the hypothesis that

3D analysis of the IVS shape and deformation

throughout the cardiac cycle from non-tagged CMR

images could circumvent these limitations and, as a

result, potentially more accurately reflect the dynamic

shape of the IVS and its relationships with pulmonary

artery pressure and PVR. If confirmed, 3D septal

shape could be used to characterize patterns of septal

motion in normal subjects and in patients with

different degrees of PH that cannot be reliably

differentiated using global measures of either ven-

tricular size or shape. To put our findings in

perspective, the relationship between CMR derived

3D septal curvature and the invasive measures of the

degree of PH, was compared to that between

echocardiographic estimation and the same indices.

This study constitutes the first attempt to quantify

the shape and deformation of the interventricular

septum using 3D analysis of CMR images obtained in

patients with PH. Because in these patients, LV shape

is predominantly affected locally (septal deforma-

tion), the conventional global measures of LV

volume and crude shape characteristics, such as the

commonly used sphericity index, may not necessarily

be expected to differentiate normal from abnormal

ventricles. Indeed, our measurements of LV volume

and sphericity confirmed that regional analysis

targeting the interventricular septum is necessary to

differentiate normal ventricles from those affected by

PH, as well as those with different degrees of PH

(Table 1).

Moreover, because our analysis is dynamic and

includes all consecutive phases of the cardiac cycle, it

provides information on temporal patterns of changes

in septal curvature throughout the cardiac cycle,

which were found to differ between normal subjects

and patients with moderate and severe PH, as well as

between these two subgroups of patients. We did not

find clear differences between normal subjects and

patients with mild PH, probably because of the

relatively small size of the PH patient subgroups and

the fact that the degree of PH was truly mild, as

reflected by the low pressures and PVR values in this

subgroup (Table 1).

In normal ventricles, 3D septal curvature remained

mostly unchanged throughout the cardiac cycle

(Fig. 4a). This can be explained by the fact that

septal curvature at each consecutive phase of the

cardiac cycle was normalized by the instantaneous

mean curvature, in order to compensate for the effects

of changes in the size of the ventricle. The fact that in

normal ventricles, the curvature remained constant

after this normalization supports the rationale for this

analysis step and the notion that it effectively

achieved the goal of isolating true changes in regional

shape, beyond those secondary to changes in LV

volume.

Furthermore, we found that septal 3D curvature

correlated well with both the invasive and non-

invasive measures of the degree of PH, including

both pulmonary arterial pressures, PVR and RVSP

(Fig. 6). This may be somewhat surprising, since our

protocol was not specifically designed to minimize

the time between CMR imaging and right heart

catheterization, and one could not rule out hemody-

namic changes over time. Importantly, no clinically

significant changes were noted in any of the study

patients, and treatment regimens were not changed

between CMR and catheterization. Moreover, the

high correlation between echo derived RVSP

obtained on the same day as CMR images and the

invasive data (Fig. 5) showed that the severity of PH

has not changed significantly in our patients. Never-

theless, it is possible that the correlations would have

been even higher, were imaging and the catheteriza-

tion performed in every patient on the same day.

Of note, the correlation between 3D septal curva-

ture and the pulmonary arterial pressures was lower

than that between Doppler echocardiographic esti-

mates of RVSP and the invasive SPAP (Figs. 5, 6).

This probably reflects the fact that septal deformation

is driven by the inter-ventricular pressure gradient,

rather than by the right heart pressures alone [40].

Interestingly, the correlation between septal curvature

and PVR was higher than that with the invasive

pressures (Figs. 5, 6), which may be important for the

potential clinical implications of our technique.

The comparison between 2D and 3D analyses of

septal curvature (Table 2) showed that both tech-

niques are strongly correlated with echocardiographic

or invasive indices of pulmonary pressure and
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provide highly accurate indices capable of discrim-

inating between mild and moderate or severe PH.

Nevertheless, 3D curvature showed better results than

the 2D analysis. We postulate that this is a direct

consequence of the fact that the 3D analysis is

independent of the slice selected for analysis and thus

may more accurately reflect the 3D pattern of

abnormal septal motion.

Another limitation of our technique is that it relies

on the availability of a reconstructed LV endocardial

surface, which is based on subjective multi-plane and

multi-phase initialization, tracing and corrections,

and may thus be prone to inter-measurement vari-

ability. In this study, we used commercial software

for 3D surface reconstruction (Fig. 1), while the 3D

analysis of septal curvature is fully automated once

the endocardial surface is defined. Importantly, this

combination of techniques resulted in variability

\10% of the measured values, reflecting clinically

acceptable levels of reproducibility.

Despite these limitations, the results of this study

demonstrated that, in addition to its known ability to

accurate evaluate RV volumes and function [12–14],

CMR could also provide quantitative information on

3D curvature of the interventricular septum and its

patterns of changes throughout the cardiac cycle,

which reflects the extent of ventricular remodeling

according to the severity of PH. This complementary

information may further improve the utility of CMR

in the evaluation of patients with PH.
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