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Objectives: Pulmonary arterial hypertension causes right ventricular remodeling;
that is, right ventricular dilatation, hypertrophy, and leftward ventricular septal
bowing. We studied the effect of pulmonary endarterectomy on the restoration of
right ventricular remodeling in patients with chronic thromboembolic pulmonary
hypertension by magnetic resonance imaging.

Methods: In 17 patients with chronic thromboembolic pulmonary hypertension,
before and at least 4 months after pulmonary endarterectomy, and in 12 healthy
controls, right ventricular and left ventricular end-diastolic and end-systolic vol-
umes (milliliters) and mass (grams per meter squared) and leftward ventricular
septal bowing (1 divided by the radius of curvature in centimeters) were determined
by magnetic resonance imaging.

Results: Before pulmonary endarterectomy, right ventricular volumes, left ventric-
ular end-diastolic volume, right ventricular mass, and leftward ventricular septal
bowing differed significantly between patients with chronic thromboembolic pul-
monary hypertension and healthy control subjects. After pulmonary endarterectomy,
pulmonary hemodynamics improved, and right and left ventricular volumes and
leftward ventricular septal bowing normalized; right ventricular mass decreased
significantly (46 = 14 to 31 + 9 g - m~ 2, P< .0005), but did not completely
normalize. The change in total pulmonary resistance correlated with the change in
right ventricular ejection fraction (r = 0.50, P < .05), right ventricular mass (r =
0.63, P < .01), and leftward ventricular septal bowing (r = 0.50, P < .05).

Conclusions: Right ventricular remodeling was observed in patients with chronic
thromboembolic pulmonary hypertension and restored almost completely after a
hemodynamically successful pulmonary endarterectomy. Magnetic resonance im-
aging is a valuable tool to evaluate cardiac remodeling and function in patients with
chronic thromboembolic pulmonary hypertension, both before and after pulmonary
endarterectomy.

hronic thromboembolic pulmonary hypertension (CTEPH) results from
incomplete resolution of the vascular obstruction caused by pulmonary
thromboemboli.! If left untreated, over time, a gradual hemodynamic and
symptomatic decline can be observed in these patients.” As a consequence, prog-
nosis in CTEPH is poor and proportional to the degree of pulmonary hypertension.’
Advanced CTEPH leads to cardiac remodeling, involving right ventricular (RV)
dilatation and hypertrophy, tricuspid regurgitation, and leftward ventricular septal
bowing (LVSB), with consequent impact on cardiac function. As a consequence,
death in most patients with CTEPH is caused by progressive RV failure. Pulmonary
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Abbreviations and Acronyms
CTEPH = chronic thromboembolic pulmonary

hypertension
EDV = end-diastolic volume
EF = ejection fraction
ESV = end-systolic volume
LV = left ventricle (ventricular)
LVSB = leftward ventricular septal bowing
mPAP = mean pulmonary artery pressure
MRI = magnetic resonance imaging
PEA = pulmonary endarterectomy
RV = right ventricle (ventricular)
TPR = total pulmonary resistance

endarterectomy (PEA) represents the therapy of choice for
patients with surgically accessible thrombi.'* PEA may be
performed with an acceptable mortality risk and results in
clinical improvement and often normalization of pulmonary
hemodynamics.'>

Magnetic resonance imaging (MRI) is a highly accurate
method to quantify RV function and dimensions in patients
with CTEPH.® In addition, RV hypertrophy®® and LVSB'®
can be adequately quantified by MRI. Restoration of cardiac
function within 2 weeks after PEA was described recently
by Kreitner and coworkers.® However, restoration of car-
diac remodeling after PEA has not been previously studied.
The aim of the present study was to determine restoration of
RV remodeling in patients with CTEPH after PEA by
means of MRIL.

Materials and Methods

Study Subjects

Seventeen (8 male; 49 = 14 years, range 29-70 years) of 22
consecutive patients with a diagnosis of CTEPH, referred to the
Academic Medical Center of the University of Amsterdam, were
studied before and after PEA. Two patients refused to participate
because of claustrophobia, 1 patient died postoperatively, and 2
patients refused to undergo a second MRI after surgery. Diagnosis
of CTEPH and eligibility for PEA were established on the basis of
previously reported procedures and criteria.'’ Diagnosis and car-
diopulmonary hemodynamics were determined by pulmonary an-
giography and right heart catheterization. Postoperative hemody-
namics was determined on the first or second day after PEA, before
removal of the Swan-Ganz catheter (Edwards LifeSciences, Irvine,
Calif). Coronary angiography was routinely performed in all pa-
tients older than 50 years of age, and in patients older than 40 years
of age if they had a history of smoking.

Twelve healthy volunteers (5 male; 42 = 15 years, range 21-60
years) served as controls for the RV and left ventricular (LV)
volumes, mass, and septal bowing. All patients and controls gave
informed consent to the study protocol, which was approved by the
local ethical committee.

MRI Measurement

MRI was performed with a 4-element body phased-array coil and
a 1.5-T whole body system (Sonata, Siemens Medical Solutions,
Erlangen, Germany). MRI measurements were obtained before
and at least 4 months after PEA.

MRI breath-hold cine imaging was electrocardiographically
triggered and performed in the cardiac short-axis view in a stack of
parallel imaging planes covering the LV and RV from base to
apex. In 11 patients, for both studies, a spoiled gradient echo
sequence was used as specified by Kreitner and coworkers.® In 6
patients, for both studies, a steady-state free precession MRI pulse
sequence was applied (also denoted by balanced Fast Field Echo),
with 11-phase-ending lines (ky) lines per heartbeat, repetition
time/echo time/alpha = 34 ms/1.6 ms/60°. Pixel size was 1.3 X
1.3 mm, slice thickness 6 mm, and slice distance 4 mm.'? In all
patients, subsequent analysis was performed with the MR Analyt-
ical Software System (Medis, Leiden, The Netherlands). From the
short-axis cine images, the RV and LV volumes were calculated
for each temporal frame in the cardiac cycle. The end-diastolic
(EDV) and end-systolic volumes (ESV) were assessed from the
stack of parallel short-axis images, and ejection fraction (EF) and
stroke volume were subsequently calculated. RV and LV myocar-
dial masses were assessed from the stack of parallel short-axis
images by manual detection of endocardial and epicardial borders
on each slice using the MR Analytical Software System (Medis).
Cardiac volume and mass were corrected for body surface area.
The septal curvature was evaluated for the short-axis image plane
at midventricular level (at least one papillary muscle visible). The
cine time frame, used for measuring the septal curvature, was in
early diastole, that is, the temporal frame after aortic valve closure
where the LVSB was most manifest (for this frame, the delay after
the R-wave trigger was in the range from 320 to 540 ms). In the
volunteers, who showed no LVSB, the second time frame after
aortic valve closure was chosen. Septal bowing was quantified by
the curvature (defined as 1 divided by the radius of curvature in
centimeters) as described previously.'® Positive values of this
curvature ratio denote (physiologic) rightward ventricular septal
bowing, and negative values denote LVSB. An additional 3-cham-
ber long-axis cine was acquired to measure the timing of aortic
valve closure.

Surgical Procedure

PEA was performed according to the protocol of the University of
California San Diego.>'* PEA is performed via median sternot-
omy. After initiation of cardiopulmonary bypass, during deep
hypothermia (20°C), the right pulmonary artery is incised where it
passes the aorta to the division of the lower lobe arteries. On the
left, the incision extends from the main pulmonary artery to the
origin of the left upper lobe branch. The organized thromboem-
bolic material is fibrotic and adherent to the vessel wall. An
endarterectomy plane is established between the intima and the
fibrotic thromboembolic material. Subsequently, the obstructing
material is grasped with a forceps, and distal, circumferential
dissection is performed with an aspirating dissector. Circulatory
arrest is mandatory to ensure optimal visibility in the presence of
usually copious retrograde blood flow from a hypertrophied bron-
chial circulation. The circulatory arrest period is limited to 20
minutes, with restoration of flow between each arrest.
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Figure 1. RVEDV (A), RVESV (B), LVEDV (C), and LVESV (D) in patients with CTEPH (n = 17) before and after PEA
compared with healthy controls (n = 12). Data are expressed as mean = SEM. n.s., Not significant.

Statistical Analysis

All data are expressed as mean * standard deviation, unless
otherwise specified. All analyses were performed with a statistical
package (SPSS 11.5; SPSS, Inc, Chicago, Ill). The Spearman rank
correlation test was used to assess correlations between ventricular
dimensions and the hemodynamic parameters and was tested for
2-sided significance. The Wilcoxon signed rank test was used to
analyze the differences between preoperative and postoperative
parameters. The Mann—Whitney test was used to analyze differ-
ences between patients with and without residual pulmonary hy-
pertension after PEA and between patients and healthy controls.

Results

Preoperatively, the mean pulmonary artery pressure
(mPAP) was 51 = 11 mm Hg, the cardiac index 1.85 * 0.45
L - min - m % and the total pulmonary resistance (TPR)
1131 = 476 dynes - s - cm . Right atrial and pulmonary
capillary wedge pressures were 11 = 5 and 9 = 3 mm Hg,
respectively. RV and LV dysfunction, as defined by an EF
less than 45%, was present in 15 and 3 patients, respec-
tively. Coronary artery disease was not present in any of the
patients studied.

Effect of PEA

PEA resulted in substantial hemodynamic improvement in
all patients. Postoperatively, 2 days after PEA, mPAP had
decreased to 26 = 5 mm Hg and TPR to 419 = 153 dynes
-s-cm 2, respectively (both P<.0005). The cardiac index
had increased to 2.52 = 0.56 L - min - m > (P< .002).
Postoperatively, residual pulmonary arterial hypertension

(mPAP > 25 mm Hg; range 26-35 mm Hg) was observed in
10 patients, in 5 of whom mPAP was above 30 mm Hg.

The postoperative course was uncomplicated in all but 3
patients. One patient had severe pneumonia, because of
which she required mechanical ventilation for 9 days. Two
other patients had mild reperfusion lung injury and required
mechanical ventilation for 3 and 5 days, respectively. Me-
dian duration of mechanical ventilation was 1 day (range
1-9 days); median intensive care unit stay was 4 days (range
1-13 days).

In the patients with CTEPH, before PEA, RVEDV and
RVESYV were increased as compared with the healthy con-
trols (Figure 1). In contrast, LVEDV was decreased,
whereas LVESV did not differ (Figure 1). After PEA, RV
dimensions normalized. Both RVEDV and RVESV de-
creased significantly (Figures 1 and 2). In fact, after PEA,
RVEDV and RVESV did not differ from the healthy con-
trols. In addition, after PEA, RVEF and RVSV increased
significantly but did not completely normalize (Table 1).
Postoperative MRI characteristics of the LV showed im-
provement of the LV function. LVEDYV increased, whereas
LVESYV remained unchanged (Figures 1 and 2). As a con-
sequence, LVEF and LVSV both normalized (Table 1).

Preoperatively, RV volumes, that is, RVEDV and
RVESYV, did not correlate with the hemodynamic severity
of disease. However, RVEF correlated significantly with the
TPR (Figure 3, A). Moreover, the observed change after
PEA in the RVEF correlated with the change in TPR (r =
0.50, P< .05; Spearman rank correlation test).
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Figure 2. MRI short-axis cine images at basal (upper panel) and
midventricular (lower panel) level, before (A) and after (B) PEA
(relative time 55% in the cardiac cycle). Note the encroachment
of the interventricular septum into the LV before PEA and the
restoration of the septal bowing to normal after PEA. Note also
the reversal of RV hypertrophy and the normalization of the RV
and LV volumes.

The preoperatively demonstrated hypertrophy of the RV
decreased after PEA but did not fully normalize in all
patients (Figures 2 and 4, A and B). The preoperative and
postoperative LV mass did not differ between patients with
CTEPH and healthy controls (Figure 4, C).

Preoperatively, RV mass correlated with the TPR (Figure
3, B). Moreover, the change in RV mass after PEA corre-
lated with the change in TPR (r = 0.63, P<< .008; Spearman

TABLE 1. RV and LV function in patients with CTEPH (n =
17) before and after PEA compared with healthy controls (n
= 12)

CTEPH
Before PEA After PEA Healthy controls
RVSV, mL - m~2 26 =7 36 + 88 45 + 10“/*
RVEF, % 34 +12 56 + 78 67 = 9H/T
LVSV, mL - m~? 26 =7 37 + 88 45 + 9%/ns
LVEF, % B+ 11 66 + 5T 69 + 88/ns

Data are shown as mean = standard deviation. RV, Right ventricular; LV,
left ventricular; CTEPH, chronic thromboembolic pulmonary hypertension;
LVSV, left ventricular stroke volume; LVEF, left ventricular ejection fraction.
Differences in patients with CTEPH before and after PEA analyzed by
Wilcoxon signed rank test; differences between patients with CTEPH and
healthy controls (before/after PEA) analyzed by Mann-Whitney U test. *P<
05, ¥P< .005, $P< .001, §P< .0005, ||P< .0001; ns, no significant
difference.
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Figure 3. Correlation between RVEF (A), RV mass (B), and septal
bowing (curvature: 1/R) (C) and the TPR in patients with CTEPH (n
= 17) before PEA.

rank correlation test), as well as the change in mPAP (r =
0.53, P < .05). In addition, RV mass tended to be higher in
patients with residual pulmonary hypertension than in pa-
tients with normalized hemodynamics (34 = 9vs26 £ 5¢g
-m 2, P = .05).

LVSB was present in 15 patients with CTEPH before

PEA. The mean septal bowing was —0.09 = 0.11 cm ™'
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Figure 4. RV (A, B) and LV mass (C) in patients with CTEPH (n =
17) before and after PEA compared with healthy controls (n = 12).
Data are expressed as mean = SEM.

The septal bowing normalized after PEA (Figures 2 and 5).
Preoperatively, the (leftward ventricular) septal bowing cor-
related significantly with the TPR (Figure 3, C) and also the
change in septal bowing after PEA correlated significantly
with the change in TPR (r= 0.50, P<< .05; Spearman rank
correlation test).
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Figure 5. Septal bowing (curvature: 1/R) in patients with CTEPH
(n = 17) before and after PEA compared with healthy controls (n
= 12). Data are expressed as mean + SEM.

Discussion

In the present study we demonstrated in patients with
CTEPH that the observed RV remodeling (RV dilatation,
hypertrophy, and LVSB) reversed after PEA. Moreover, the
decrease of the level of RV hypertrophy and LVSB corre-
lated significantly with the decrease in TPR after PEA.

Advanced pulmonary hypertension, as can be observed
in CTEPH, is associated with chronic volume overload of
the RV.'* RV overload induces hypertrophy of the RV
cardiac myocytes. MRI may be used to identify signs of
chronic volume overload and RV hypertrophy. Our findings
of the increased RV mass are in line with a study of Katz
and coworkers,” who quantified RV and LV mass in 12
patients with idiopathic pulmonary hypertension and 10
healthy controls. In the present study, after PEA the RV
mass in patients with CTEPH decreased significantly but
did not normalize completely. This might be explained at
least in part by the fact that residual pulmonary hyperten-
sion was present in some patients. In these patients also the
highest postoperative RV mass was observed. Although
limited by the small number of patients included, this ob-
servation may suggest that RV mass as determined by MRI
may be of use to assess postoperative outcome in patients
with CTEPH.

In the present study, LVSB was present in the majority of
patients. Early diastolic septal bowing is an ominous sign in
patients with pulmonary hypertension. During systole, pres-
sure in the LV usually exceeds the RV pressure, showing a
(positive) curvature away from the LV center. During early
LV diastole, the LV pressure drops to near zero to enable
rapid LV filling. The RV pressure pushes the septum away
from the RV center, causing (negative) LVSB.'> Recently,
we'® have demonstrated that the interventricular septal
bowing correlated with severity of pulmonary hypertension
in idiopathic pulmonary hypertension. In the present study,
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we demonstrated that also in CTEPH severity of disease
(TPR) correlated with the septal bowing. Moreover, we also
demonstrated that the change in septal bowing after PEA
correlated with the observed hemodynamic improvement.

In contrast to Kreitner and coworkers,® who described
restoration of RV function 14 days after PEA, we studied
cardiac morphology and function at least 4 months after
PEA. In line with Kreitner’s group,® postoperatively, we
observed an increase of the RVEF and stroke volume. In
contrast, preoperatively, compared with the healthy con-
trols, we demonstrated a decreased LV stroke volume and
EF, which both normalized after the PEA procedure. The
impairment of the LV function might be attributable to
ventricular interaction or ventricular interdependence (also
known as the “reverse Bernheim phenomenon”): RV dila-
tion and hypertrophy shift the interventricular septum left-
ward, thereby causing decreased LV cavity size, contractil-
ity, compliance, and EF.'® LV diastolic dysfunction,
however, may also be caused in part by myocardial hyper-
trophy of the RV and interventricular septum, as docu-
mented earlier in patients with idiopathic pulmonary hyper-
tension.'® Recently, we!”  have demonstrated that
ventricular interaction mediated by interventricular septal
bowing caused impairment of the LV filling and thereby
contributed to decreased stroke volumes observed in pa-
tients with pulmonary arterial hypertension. Our observa-
tions thus confirm and extend the notion that the impaired
LV function in pulmonary arterial hypertension appears to
be the consequence of the RV dysfunction and that, after
hemodynamically successful PEA, LV function normalizes
owing to the restoration of pulmonary hemodynamics and
RV function.

The most widely noninvasive tool used in clinical prac-
tice to study RV dysfunction is echocardiography. In
CTEPH, echocardiographically, restoration of RV function
after PEA was reported before.'®2° In fact, improvement of
RV geometry and LV diastolic function after PEA was
already reported by Dittrich and coworkers in 1988 and
1989.2122 [n addition, reverse RV remodeling, that is, im-
provement of RV dimensions and EF, was demonstrated in
patients with idiopathic pulmonary hypertension after lung
transplantation.>** The usefulness of echocardiography in
this respect, however, is limited because of its technical
limitations (acoustic window) and the absence of a reliable
mathematical assumption due to complex geometry of the
RV. In view of these limitations, MRI is considered a
superior imaging technique to quantify the characteristics of
RV function and morphology.>>*’ To our knowledge, this
is the first study to demonstrate reverse RV remodeling in
patients with CTEPH after PEA by means of MRI.

There are some limitations of the study. First, postoper-
ative invasive measurements were determined immediately
postoperatively, whereas MRI studies were performed at

least 4 months after PEA. In view of earlier studies?®*° that
showed that pulmonary artery pressure and TPR may fur-
ther decrease during follow-up, it would have been more
accurate to determine the hemodynamic parameters at the
time of MRI. However, since the aim of the present study
was to demonstrate restoration of RV remodeling in patients
after successful PEA, for ethical reasons, we choose not to
do so. Nevertheless, the level of restoration of RV remod-
eling correlated significantly with parameters of direct post-
operative hemodynamic outcome. In view of these limita-
tions, however, our observations need to be confirmed in
future studies.

Second, although MRI is an excellent tool to study
cardiac remodeling, it also has its limitations to assess the
complex RV anatomy. In measuring the RV volume, the
contouring of the most basal RV slice has a large effect.
While the image plane is fixed, the RV base moves
through-plane during the cardiac cycle. This can make it
difficult for the observer to assign a region to the RV, the
right atrium, or the pulmonary artery. The RV wall can be
distinguished from the right atrial wall, however, by its
thicker and trabeculated surface. Also, the cine mode of
the basal slice can be used: if the tricuspid valve moves
through the image plane during systole, this indicates that
in end-diastole the upper posterior part of the RV is in the
image plane, whereas in end-systole the right atrium has
moved into the plane. Similarly, observation of the pul-
monary valve during cine is used to separate the upper
anterior part of the RV from the pulmonary artery lumen.
In addition, by measuring RV mass, the contouring of the
trabeculated endocardial border is observer dependent.
While the endocardial contour in both the end-diastolic
and end-systolic frames is being drawn, the small trabec-
ulae are systematically excluded from the myocardium.
RV mass is then calculated by the average of RV end-
diastolic and end-systolic mass. By meticulous applica-
tion of the above, assessment of RV mass, volumes, and
function by breath-hold cine MRI, however, is accurate
and highly reproducible.*®

In conclusion, in this study we demonstrated that RV
remodeling observed in patients with CTEPH was restored
after a hemodynamically successful PEA. Moreover, the
level of restoration of remodeling after PEA was demon-
strated to correlate with the observed hemodynamic im-
provement. MRI appears to be a valuable tool to evaluate
cardiac remodeling and function in patients with CTEPH
both before and during follow-up after pulmonary
thromboendarterectomy.
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