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Abstract To assess the contribution of right ventricular

(RV) trabeculae and papillary muscles (TPM) to RV mass

and volumes in controls and patients with pulmonary

arterial hypertension (PAH). Furthermore, to evaluate

whether TPM shows a similar response as the RV free wall

(RVFW) to changes in pulmonary artery pressure (PAP)

during follow-up. 50 patients underwent cardiac magnetic

resonance (CMR) and right heart catheterization at baseline

and after one-year follow-up. Furthermore 20 controls

underwent CMR. RV masses were assessed with and

without TPM. TPM constituted a larger proportion of total

RV mass and RV end-diastolic volume (RVEDV) in PAH

than in controls (Mass: 35 ± 7 vs. 25 ± 5 %; p \ 0.001;

RVEDV: 17 ± 6 vs. 12 ± 6 %; p = 0.003). TPM mass

was related to the RVFW mass in patients (baseline:

R = 0.65; p \ 0.001; follow-up: R = 0.80; p \ 0.001)

and controls (R = 0.76; p \ 0.001). In PAH and controls,

exclusion of TPM from the assessment resulted in altered

RV mass, volumes and function than when included (all

p \ 0.01). Changes in RV TPM mass (b = 0.44;

p = 0.004) but not the changes in RVFW mass

(p = 0.095) were independently related to changes in PAP

during follow-up. RV TPM showed a larger contribution to

total RV mass in PAH (*35 %) compared to controls

(*25 %). Inclusion of TPM in the analyses significantly

influenced the magnitude of the RV volumes and mass.

Furthermore, TPM mass was stronger related to changes in

PAP than RVFW mass. Our results implicate that TPM are

important contributors to RV adaptation during pressure

overload and cannot be neglected from the RV assessment.
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Introduction

An increased right ventricular (RV) load in patients with

pulmonary arterial hypertension (PAH) results in marked

RV hypertrophy [1, 2]. Generally studies have focused on

hypertrophy of the compact layer of the RV free wall.

However the RV is highly trabecularised in PAH and even

in the normal RV, trabeculae and papillary muscles (TPM)

are prominent components. It is unknown whether in PAH

during the process of hypertrophy, all RV mass compo-

nents increase in size to the same extent.

Cardiac magnetic resonance (CMR) provides high res-

olution imaging that enables visual contrast between the

cardiac free wall, trabeculae and blood pool [3]. CMR RV

parameters are of strong diagnostic [4–6], therapeutic [7–

11] and prognostic [12] importance in PAH. Yet the issue

of trabeculations has not received much attention, while

previous studies have variably included [5, 7, 10, 13–15] or

excluded [16–19] TPM from the cardiac assessment of

control subjects and PAH patients. However it is unknown

whether TPM contributions to RV measures are constant

over time in individual subjects and across patient popu-

lations. It therefore remains unascertained if it is possible

to neglect TPM during RV assessment. Studies on the left

ventricle (LV) of normal subjects and patients with LV

cardiomyopathies have shown that LV assessments are

greatly affected by the in- or exclusion of TPM [20–26].

The aim of the present study was to assess the contri-

bution of RV TPM to RV mass and volumes using CMR in

patients with PAH and in normal RV subjects. Furthermore

to evaluate in PAH patients whether TPM shows a similar

response as the RV compact free wall mass to changes in

RV load during follow-up.

Methods

Study population

The present study is a retrospective data-analysis partly

obtained from an ongoing prospective research program to

assess the value of CMR in patients with pulmonary hyper-

tension. Since several years CMR has become part of our

clinical protocol and the other part of the CMR data included

in this study were initially obtained for clinical purposes. The

study was approved by The Medical Ethics Review Com-

mittee of the VU University Medical Center. Due to the fact

that the study does not fall within the scope of the Medical

Research Involving Human Subjects Act (WMO), the study

was approved without requirement of a consent statement.

PAH was diagnosed according to World Health Organi-

zation guidelines, including right heart catheterization

(RHC) [27]. From an imaging database consisting of 103

PAH patients who underwent CMR at baseline and after one-

year of follow-up at our institution between 2003 and 2012,

50 patients were randomly selected. All included patients

underwent CMR and RHC at baseline and after a median

time period of 13 months (IQR: 12–17 months). CMR and

RHC were obtained within a median time period of 1 day.

Patients received optimal PAH targeted therapies. Patients

with a positive response to the acute vasodilator challenge

[27] were treated with calcium channel antagonists. NYHA

II and III patients received oral medical therapy consisting of

endothelin receptor antagonsists (ERA) and/or phophodi-

esterase 5 inhibitors (PDE-5I) and NYHA IV patients

received intravenous prostacyclin with or without additional

oral medical treatment. During follow-up, many patients

went through one or multiple treatment regimens. All

patients received oral anticoagulation.

In addition, 20 control subjects with no known risk

factors for or history of pulmonary- and cardiovascular

disease were selected from a database consisting of 30

subjects and included in the present study. Control subjects

and patients were matched for age and gender.

Right heart catheterization

Hemodynamic assessment was performed with a 7F bal-

loon tipped, flow directed Swan-Ganz catheter (131HF7,

Baxter, Healthcare Corp Irvine, California). During con-

tinuous electrocardiographic monitoring, the following

variables were recorded: mean pulmonary artery pressure

(mPAP), mean right atrial pressure (RAP), cardiac output

(CO), pulmonary arterial wedge pressure (PAWP). Pul-

monary vascular resistance (PVR) is calculated as:

80 9 (mPAP–PAWP)/CO.

CMR image acquisition

Image acquisition was performed on a Siemens 1.5T Sonata

scanner (Siemens Medical Solutions, Erlangen, Germany),

equipped with a 6-element phased-array receiver coil. Elec-

trocardiography-gated cine imaging was performed using a

balanced steady-state precession pulse sequence during

repeated breath-holds. Short-axis images from base to apex of

the ventricles were obtained with a typical slice thickness of

5 mm and an interslice gap of 5 mm. MR parameters were:

temporal resolution between 35 and 45 ms, typical voxel size

1.8 9 1.3 9 5.0 mm3, flip angle 60�, receiver bandwith

930 Hz/pixel, field of view 280 9 340 mm2, repetition time/

echo time 3.2/1.6 ms, and matrix 156 9 256.

CMR image analysis

During post-processing, two independent observers ana-

lyzed the CMR-images by the MASS software package
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(MEDIS Medical Imaging Systems, Leiden, the Nether-

lands). On end-diastolic (ED) images (first cine after the

R-wave trigger) and end-systolic (ES) short-axis cine

images (cine with visually the smallest cavity), endocardial

and epicardial contours of the RV were obtained by manual

tracing. Short-axis images of the ventricles were cross-

referenced with the four-chamber cine to determine whe-

ther basal slices should be included in the analysis. For

each patient and image section, the contrast and brightness

settings were optimized to achieve the best possible con-

trast between myocardium, TPM and blood pool.

RV volumes and masses were calculated using Simpson’s

rule. Stroke volume (SV) was calculated as (RV EDV–RV

ESV) and RV ejection fraction was calculated as SV/RV

EDV multiplied by 100 %, where RV EDV is RV end-dia-

stolic volume and RV ESV is end-systolic volume. For mass

calculation, the myocardial volume was multiplied by the

specific density of the heart (1.05 g/cm3) [28]. RV mass was

reported as the average of RV ED and ES mass. Masses and

volumes were corrected for body surface area (BSA).

Analysis time and observer variability were recorded in a

subset of patients. To assess intraobserver variability,

observer 1 analyzed a random subset of 20 baseline and 20

follow-up CMR-scans of the PAH patients and 10 control

scans twice with a 3 month interval between repeat mea-

surements. Observer 2 assessed the same scans to analyze

interobserver variability. The observers did not know whe-

ther a scan was a baseline or follow-up measurement. Con-

tours from each dataset were saved in separate databases and

both observers were blinded to the initial results.

Determination of RV mass components

The compact myocardium of the RV free wall was defined

as a myocardial layer of homogeneous medium signal

intensity on the image without inclusion of blood of

brighter signal intensity. TPM was defined as a meshwork

of medium signal intensities interspersed with blood of

bright signal intensity.

All contours were traced twice, using two different

methods. First, RV TPM were included in the compact

myocardium of the RV free wall (Fig. 1a, c; RV total wall

mass = RV compact free wall mass ? TPM). Second,

TPM were excluded from the RV total wall mass and

included in the blood volume (Fig. 1b, d; RV compact free

wall mass). The difference between the RV total mass and

RV compact free wall mass represents the RV TPM mass.

The difference between the RV EDV with and without

TPM represents the RV TPM volume.

Statistics

Continuous data are presented as mean ± SD for contin-

uous variables and absolute for categorical variables. Dif-

ferences between the PAH patient-group and control-group

were calculated using the unpaired Student t test. The

absolute difference between RV volumes and mass with

and without TPM and between ED and ES were tested

using the paired Student t test. Pearson correlation analysis

was applied to test the relationship between RV total mass,

RV compact free wall mass, TPM mass and RV load (i.e.

Fig. 1 Determination of RV

masses. The volume between

the yellow continuous line and

blue continuous line illustrates

the right ventricular (RV) total

mass: RV compact free wall

mass with inclusion of

trabeculae and papillary

muscles (TPM) in controls

(a) and PAH patients (c). The

volume between the yellow

dotted line and the blue

continuous line represents the

RV compact free wall mass

without TPM in controls (b) and

PAH patients (d)
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mPAP and PVR). Multivariate linear regression analysis

was applied to determine the independent relationships

between RV load, RV compact free wall mass and RV

TPM mass after correction for potential confounding by

age, gender and type of PAH diagnosis. Regression ana-

lysis was repeated for the second set of analyses from

observer 1 and the analyses from observer 2. The intra and-

interobserver variability were tested using Bland–Altman

analysis. In addition, the intra and- interobserver coeffi-

cient of variability (i.e. the SD of the difference between

the two measurements divided by the mean of the two

measurements, expresses as a percentage) was calculated.

All statistical analyses were performed using SPSS (ver-

sion 19.0, SPSS, inc, Chicago, Illinois). P values \ 0.05

were considered statistically significant.

Results

Study population

Table 1 summarizes the demographic and hemodynamic

data of the study population. After baseline measurements,

28 patients were initiated on ERA, 5 patients received

PDE5I, 8 patients were treated with prostacyclin, 2 patients

received calcium channel antagonists and 7 received

upfront medical combination therapies.

PAH patients showed greater RV mass, higher RV

volumes and diminished RV function compared to controls

(Table 2) (p value between groups for all RV parameters:

p inter \ 0.001).

Contributions of the RV compact free wall mass

and TPM mass in a normal and hypertrophic RV

TPM constituted a larger proportion of RV mass in PAH

patients than in control subjects (PAH: 35 ± 7 % vs.

controls: 25 ± 5 %; p \ 0.001) (Fig. 2a). In addition, the

TPM mass was linear but non-proportionally related to the

RV compact free wall mass (Fig. 2b) (PAH: total RV

mass = 1.93 * RV TPM mass ? 16.6). RV TPM volume

constituted 17 ± 6 % of RV EDV in PAH and 12 ± 6 %

in controls (p for difference: 0.003).

At baseline RV compact free wall mass and TPM mass

were both related to mPAP and PVR (Table 3). Linear

multivariate regression analysis consisting of RV TPM

mass, RV free wall mass and mPAP revealed that RV TPM

mass was an independent predictor of baseline mPAP

(b = 0.040; p = 0.043) whereas RV compact free wall

mass was not (p = 0.630). Multivariate analysis for PVR

did not reveal an independent RV mass predictor.

After 1 year of medical treatment, PAH patients as a

group showed no change in RV compact free wall mass (-

0.1 ± 7.1 g/m2; p = 0.924) or TPM mass (-0.7 ± 4.9 g/

m2; p = 0.305) whereas mPAP and PVR showed small

average improvements (-6 ± 9 mmHg and -177 ± 273

dyne.s/cm5 resp.; both p \ 0.001). The changes in TPM

mass were moderately related to the changes in RV com-

pact free wall mass (r = 0.530; p = 0.001). The changes in

TPM mass showed a stronger correlation to the changes in

mPAP and PVR than he changes in RV compact free wall

mass (Table 3). The changes in mPAP during follow-up

were independently predicted by the changes in RV TPM

mass (b = 0.444; p = 0.004) and not by the changes in RV

compact free wall mass (b = 0.246; p = 0.095). Similar

results were found for the other analyses of observers 1 and

2 (data not shown). In addition comparable results were

obtained for the relationship with the changes in PVR.

After correction for possible confounding by age, gender

and type of PAH diagnosis, the results remained

unchanged.

Influence of RV TPM assessment on the magnitude

and reproducibility of RV volumes and mass

Measurements of RV mass in PAH did not differ between ED

and ES (RV compact free wall mass ? TPM: PAH: ED:

49 ± 15; ES: 50 ± 15 g/m2; p = 0.330; RV compact free

wall mass: ED: 32 ± 9; ES: 33 ± 10 g/m2; p = 0.396).

Both in controls and in PAH, measurements of RV EDV and

Table 1 Demographics and hemodynamics of the study population

Variable PAH

patients

(n = 50)

Control

subjects

(n = 20)

P

Age, years 46 ± 13 48 ± 18 0.465

Female, n (%) 43 (86) 16 (80) 0.717

BSA, m2 1.8 ± 0.2 1.8 ± 0.2 0.862

Diagnosis, n (%)

Idiopathic PAH 37 (74)

Familial PAH 4 (8)

Associated PAH

Connective tissue disease 5 (10)

Portal hypertension 2 (4)

Pulmonary veno

occlusive disease

2 (4)

Hemodynamics

mPAP (mmHg) 51 ± 15

PVR (dyne.s.cm-5) 833 ± 416

CO (L/min) 4.7 ± 1.4

RAP (mmHg) 8 ± 5

PAWP (mmHg) 8 ± 4

BSA body surface area, CO cardiac output, mPAP mean pulmonary

artery pressure, PAWP pulmonary arterial wedge pressure, PVR

pulmonary vascular resistance, RAP right atrial pressure
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RV ESV were significantly larger when TPM were excluded

from the RV mass (Table 2) (p values within groups for all

RV parameters: p intra: \ 0.01). In the overall study popu-

lation no differences in SV were observed between both

methods. Consequently, a similar SV and larger RVEDV

resulted in lower values of RVEF.

Bland–Altman analysis of the intra and- inter observer

differences between RV compact free wall mass with and

without inclusion of TPM for PAH patients and controls

are presented in Fig. 3. The intra-observer coefficient of

variation was better when RV TPM were included in the

RV mass assessment than when excluded (8.5 vs. 12.9 %).

Similarly, inclusion of TPM in the RV mass assessment

showed a smaller inter-observer coefficient of variation

than exclusion of TPM (12.5 vs. 17.7 %).

Analysis time was significantly shorter when TPM were

not included in the analysis in comparison with the inclu-

sion of TPM (mean of 14 vs. 21 min).

Discussion

In the present study, we showed that TPM mass comprised

a larger proportion of total RV wall mass in PAH patients

(*35 %) than in controls (*25 %). Furthermore in PAH,

changes in RV TPM were independently related to changes

Table 2 RV mass and volumes at baseline in PAH patients and controls

PAH patients (n = 50) Control subjects (n = 20) TPM in

RV mass

TPM ex

RV mass

TPM in RV mass TPM ex RV mass P intra TPM in RV mass TPM ex RV mass P intra P inter P inter

RV mass (g/m2) 50 ± 15 32 ± 9 \0.001 19 ± 4 14 ± 3 \0.001 \0.001 \0.001

RVEDV (ml/m2) 79 ± 23 95 ± 28 \0.001 66 ± 14 70 ± 15 0.002 \0.001 \0.001

RVESV (ml/m2) 52 ± 22 68 ± 27 \0.001 26 ± 9 31 ± 10 \0.001 \0.001 \0.001

RVEF (%) 36 ± 13 29 ± 12 \0.001 61 ± 8 57 ± 8 \0.001 \0.001 \0.001

SV (ml/m2) 27 ± 11 27 ± 11 0.215 40 ± 9 40 ± 9 0.268 \0.001 \0.001

TPM in RV mass = TPM included in the RV mass assessment. TPM ex RV mass = TPM excluded from the RV mass assessment and included

in the blood pool

RV right ventricular, RVEDV right ventricular end-diastolic volume, RVESV right ventricular end-systolic volume, RVEF right ventricular

ejection fraction, SV stroke volume, TPM trabeculae and papillary muscles

Fig. 2 Relationship between

TPM mass and RV compact free

wall mass. a Relative

contributions of RV compact

free wall mass (filled, dotted

bars) and TPM mass (open

bars) in controls (green), PAH

patients at baseline (blue) and at

follow-up (red). b RV TPM

mass was related to the RV

compact free wall mass in PAH

patients at baseline (R = 0.65;

p \ 0.001); at follow-up

(R = 0.80; p \ 0.001) and in

controls (R = 0.76; p \ 0.001)

Table 3 Correlations between RV masses and hemodynamics in

PAH patients

mPAP PVR

Baseline r P r P

RV total mass (g/m2) 0.447 0.014 0.254 0.075

RV compact free

wall mass (g/m2)

0.478 0.007 0.215 0.138

RV TPM mass (g/m2) 0.586 \0.001 0.433 0.019

Percentage RV TPM mass (%) 0.396 0.039 0.378 0.049

D mPAP D PVR

Changes during follow-up r P r P

Delta RV total mass (g/m2) 0.427 0.003 0.223 0.136

D RV compact free wall

mass (g/m2)

0.472 0.001 0.183 0.228

D RV TPM mass (g/m2) 0.580 \0.001 0.502 0.001

D Percentage RV TPM mass (%) 0.288 0.043 0.394 0.007

Int J Cardiovasc Imaging (2014) 30:357–365 361

123



in loading conditions whereas such a relationship does not

exist for changes in the RV compact free wall mass.

Because the RV TPM constitutes a large part of total RV

mass and volume in both PAH patients and controls,

exclusion of TPM measurements significantly affected the

magnitude of CMR RV measures.

RV hypertrophy is more prominent in TPM

than in the RV compact free wall

We found a significant linear but non-proportional rela-

tionship between TPM and RV compact free wall mass in

PAH and controls. In addition we showed that TPM con-

stituted a larger proportion of total RV mass in PAH

patients (*35 %) compared to controls (*25 %). In line

with our findings, in the autopsy study of Fulton et al. it

was observed that RV trabeculae were hypertrophied in a

hypertrophic RV but the relative contribution of trabeculae

to total RV weight was not studied [29]. In addition, Vogel-

Claussen et al. [30] observed a moderate relationship

between septomarginal trabeculae (SMT) and RV free wall

mass in controls and PAH patients. Although not statisti-

cally tested it appeared that SMT constituted a larger

proportion of total RV free wall mass in PAH than in

controls. An echocardiographic study on the LV showed

that LV papillary muscles form a larger fraction of LV

volumes in the hypertrophied human heart than in the

normal LV [31]. In addition, Janik et al. [32] found by

CMR assessment a twofold larger impact of TPM to total

LV mass in the hypertrophic LV compared to controls.

The significant correlation between TPM and the RV

compact free wall mass might be explained by a similar

embryological origin implicating that RV trabeculae are an

integral part of RV structural remodeling [33]. However we

found that RV TPM have a relative larger contribution in

the hypertrophic RV and showed a stronger relation to

changes in pulmonary pressures than the RV compact free

wall which might suggest that TPM are more responsive to

changes in loading conditions. A possible physiological

explanation is a greater sensitivity of RV TPM to changes

in wall stress. Damon et al. [34] found greater strain and

more stretch in trabeculae than in the compact layer of the

embryonic animal heart. Similarly, a CMR study demon-

strated that high myocardial strain was related to TPM in

the human LV [35]. Another explanation could be that

TPM respond differently to changes in oxygen delivery.

RV papillary muscles are more susceptible to ischemia

since blood is required to course uphill to perfuse the

papillary muscle by coronary blood flow [36]. RV trabec-

ulae receive blood from both the coronary circulation and

surrounding ventricular blood but it has been found that the

capillary density of trabeculae in the normal animal RV is

about the half of that of the ventricular walls [37]. In

autopsy tissues from the RV compact free wall of PAH

patients, a reduced capillary density has been found [38]

but it is unknown what happens to the oxygenation of RV

TPM in PAH.

Influence of TPM assessment on the magnitude

and reproducibility of CMR RV measures

In or exclusion of TPM in CMR measures of RV mass,

volumes and function significantly affected the magnitude

of the measure. Our results correspond to the 1.5 times

Fig. 3 Bland Altman analysis

for the RV mass determination.

Intra-observer agreement of RV

total mass assessment with

inclusion of TPM (TPM in RV

mass) (a) and without TPM

(TPM ex RV mass) (b) and

inter-observer agreement of RV

mass assessment with inclusion

of TPM (c) and without TPM

(d) of PAH patients at baseline

(blue), at follow-up (red) and in

controls (green). On each plot,

the dotted lines represent the

bias and limits of agreement of

the PAH patients
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higher measured RV mass in PAH studies that included

TPM [7–12] compared to studies that excluded TPM [14,

16]. When TPM were excluded from the RV mass and

included into the blood pool, it resulted in significantly

higher measured RV EDV, RV ESV and lower RVEF in

PAH patients. In theory the amount of TPM is similar in

diastole and systole and therefore does not influence SV

measurements. Previously Winter et al. [39] observed

similar variations in RV volume measurements with or

without inclusion of TPM in patients with a systemic RV.

In line with our findings, Sievers observed systemic dif-

ferences between the method with or without inclusion of

TPM in control subjects [40].

Our reproducibility results are consistent with previous

studies in PAH [28, 41] and control subjects [15, 18].

Although analysis time was reduced by *35 % when TPM

were excluded from the RV mass analyses, observer vari-

ability was larger than when TPM were included in the RV

mass of PAH patients. These findings correspond to the

study of Bradlow et al. [41]. For complete assessment of

RV mass, volumes and function, the RV has to be assessed

both in ED and ES. If only RV mass assessment is required

than it simply needs to be assessed during ED saving 50 %

of time due to the fact that RV mass measures were similar

in ED and ES.

Clinical implications

In the present study, we found that the relative contribu-

tions of TPM and compact free wall to total RV mass alter

during the RV hypertrophic process which implicates that

RV TPM and the compact free wall should not be con-

sidered as strictly homogeneous. TPM are important con-

tributors to RV adaptation and might be sensitive

components to detect changes in RV afterload. Although

future studies are required to assess the physiological

importance of TPM, it might be that hypertrophy of TPM

significantly contributes to a favorable RV adaptation

pattern in order to lower the wall stress in the direction

orthogonal to the RV wall.

In addition, TPM constitute a large proportion of RV

mass and volumes in controls and PAH patients and thus

cannot be neglected from the RV assessment. Observer

variability was better when TPM were included but was

still relatively modest for RV mass measurements. There-

fore measuring RV mass is reliable when measured in a

group but might not be sensitive enough to accurately

detect changes in the individual patient.

Limitations

TPM might be relatively small in controls and therefore

more difficult to visualize by CMR leading to potential

underestimation of the TPM mass. Although we cannot

completely exclude measurement errors, previous studies

have demonstrated that CMR is highly accurate to deter-

mine RV mass in a healthy subject [28, 32, 42, 43].

Therefore it is unlikely that the absolute difference in TPM

mass between controls and PAH patients of 18 g/m2 can be

explained by underestimation of RV TPM mass in controls.

In the image analysis of ventricular masses window/

level display settings influence ventricular measurements.

Although the settings were optimized during each analysis,

in future studies standardized settings should be sought. In

the present study, inter-study reproducibility was not

addressed. However, in a previous study the repeatability

of image acquisition in PAH patients has been assessed and

a coefficient of variation of 8 % was found for RV mass

with inclusion of TPM and of 12 % when TPM were

excluded [41].

Conclusions

Right ventricular TPM showed a larger contribution to total

RV mass in the hypertrophic RV of PAH patients (*35 %)

compared to controls (*25 %). Furthermore TPM mass

was stronger related to changes in loading conditions than

mass of the RV compact free wall. Inclusion of TPM in the

RV analyses significantly altered the magnitude of the RV

parameters and resulted in better observer variability. Our

results implicate that TPM are important contributors to

RV adaptation during pressure overload and cannot be

neglected from RV volumetric and mass assessments.
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