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HIGHLIGHTS

� A sheep model recapitulating the

trajectory of tetralogy of Fallot patients

unraveled the in vivo pathophysiology of

adverse and reverse remodeling of the

RV.

� Severe pulmonary regurgitation with

right ventricular volume load led to

fibrosis and myocyte hypertrophy, related

to altered gene expression directing

matrix remodeling.

� Pulmonary valve replacement reduced

the fibrotic changes and cardiomyocyte

hypertrophy and partially reversed

related gene expression and signaling.

� Right ventricular reverse remodeling was

not dependent on timing of pulmonary

valve replacement in this animal model.
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ABBR EV I A T I ON S

AND ACRONYMS

BSA = body surface area

CMR = cardiac magnetic

resonance imaging

ECM = extracellular matrix

PFA = paraformaldehyde

PICP = C-terminal propeptide

of procollagen type I

PR = pulmonary regurgitation

PTFE =

polytetrafluoroethylene

PV = pulmonary valve

PVR = pulmonary valve

replacement

rTOF = repaired tetralogy of

Fallot

RV = right ventricle

RVEDVi = right ventricular

end-diastolic volume indexed

for body surface area

RVESVi = right ventricular

end-systolic volume indexed

for body surface area

RVOT = right ventricular

outflow tract

SCD = sudden cardiac death

SMA = smooth muscle actin

TOF = tetralogy of Fallot

TR = tricuspid regurgitation

WGA = wheat germ agglu
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In the sheep model with pathophysiologic changes similar to patients with repaired TOF, severe PR leads to

fibrotic changes in the RV. Pulmonary valve replacement reverses these fibrotic changes. Early valve

replacement led to a quick RV recovery, and in time there was no difference in outcome between early and

late valve replacement. These data support the benefit of valve replacement for RV function and suggest

that there is a margin in the timing of the surgery. The fibrotic changes correlated well with the circulating

biomarker PICP, which can have an added value in the clinical follow-up of patients with repaired

TOF. (J Am Coll Cardiol Basic Trans Science 2023;8:301–315) © 2023 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
P atients with surgically repaired tetral-
ogy of Fallot (rTOF) often develop se-
vere pulmonary regurgitation (PR)

and chronic volume overload of the right
ventricle (RV), leading to RV dilation and hy-
pertrophy. The major long-term risks are ma-
lignant arrhythmias leading to sudden
cardiac death (SCD) and ventricular fail-
ure.1-3 A significant number of patients with
rTOF require pulmonary valve replacement
(PVR) during their lifetime. Recommenda-
tions for PVR in patients with rTOF have
been established by the European Society of
Cardiology and American Heart Association/
American College of Cardiology.4,5 Surgical
conduits and percutaneous valves have a
limited longevity, increasing the risk of rein-
tervention.6-11 The optimal timing of PVR remains a
difficult balance between avoiding irreversible RV
dysfunction and the need for reintervention.12-17

The optimal chance for RV reverse remodeling is
observed if PVR is performed before the RV dimen-
sions exceed right ventricular end-diastolic volume
indexed for body surface area (RVEDVi) >158 mL/m2

and right ventricular end-systolic volume indexed
for body surface area (RVESVi) >82 mL/m2.18 PVR
has not been proven to alter the risk for ventricular
tachycardia or failure, despite RV reverse remodel-
ing.14,15,17,19-22

In-depth knowledge of RV remodeling under vol-
ume overload is limited. Increased wall stress by
pressure overload leads to reactive hypertrophy of
cardiomyocytes and fibroblast proliferation.23 Acti-
vated fibroblasts (myofibroblasts) secrete extracel-
lular matrix (ECM) proteins and collagen.24
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ceived February 11, 2022; revised manuscript received Septem
The increased collagen deposition is associated with
a disproportionate increase in the secretion of
collagen I vs collagen III, leading to a change in their
relative abundance in the ECM, which may be
partially responsible for the increase in RV stiffness
following pressure overload.23 Compared with these
data on RV pressure overload, data on RV volume
overload are more scarce.25

To gain more insight in rTOF RV remodeling and
the impact of PVR at different time points, we created
an animal model recapitulating a period of RV pres-
sure overload followed by RV volume overload during
PR. Subsequently, the PR was corrected by PVR at
2 different time intervals. The first objective was to
study the impact of timing of PVR on the RV reverse
remodeling process in vivo through repeated imag-
ing. The second objective was to study RV reverse
remodeling in response to PVR at the tissue level,
examining fibrosis and cardiac myocyte hypertrophy
and related gene expression.

METHODS

ANIMAL CARE. The study was conducted in the ani-
mal facility of the laboratory of Experimental Cardiac
Surgery at KU Leuven (license number LA 1210253)
and approved by the Ethical Review Board (project
number 024/2014). All in vivo interventions and
measurements were performed under general anes-
thesia: intravenous injection (IV) of 22 mg/kg keta-
mine (100 mg/mL Nimatek, Dechra) and inhaled
veterinary isoflurane (1,000 mg/g Iso-Vet, Dechra) at
5% for induction and 2.5% for maintenance. Analgesia
was with 0.03 mg/kg IV buprenorphine (0.3 mg/mL
Vetergesic, Ceva) and 0.2 mg/kg IV meloxicam
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

ber 9, 2022, accepted September 12, 2022.
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(20 mg/mL Metacam, Boehringer Ingelheim). For
infection prophylaxis, animals received 40,000 IU/kg
IV penicillin (Kela Pharma) and 6.6 mg/kg IV genta-
mycin (Genta-Kel, Kela Pharma). During the endo-
vascular procedures, 100 IU/kg IV heparin was
administered every hour. Twenty-four hours
before an endovascular procedure, 5 mg/kg IV amio-
darone and at the start of the procedure 1 mg/kg IV
lidocaine was administered. After PVR (n ¼ 16), ani-
mals received 100 mg acetylsalicylic acid orally
once daily.

STUDY GROUPS. A total of 38 animals entered the
study protocol. Nine animals were excluded from the
analysis for the following reasons: ventricular fibril-
lation (n ¼ 4), stent embolization (n ¼ 2), endocarditis
(n ¼ 1), rupture of the PA on balloon dilation (n ¼ 1),
and stent dislocation (n ¼ 1). Eight animals were kil-
led at the age of 7.5 � 0.5 months and constituted the
PS group, but they were not included in the analysis
because not all histologic analysis could be completed
in the group. All study data therefore refer to 21 ani-
mals. Eight additional healthy animals were included
as control group for that time point. Interventions
were initiated in lambs once it became possible for
the animal to recover from the surgery after the
lactation period (age 4.5 � 0.5 months).

Figure 1 illustrates the timeline of interventions in
the different study groups. In all animals, pulmonary
stenosis (PS) was mimicked through pulmonary
banding at the age of 4.5 � 0.5 months. At 7.5 �
0.5 months the PS was relieved by placing a bare-
metal stent across the pulmonary valve to induce
PR. After 5 months we killed 6 animals to assess the
subsequent effect of remodeling of PS and PR (PR
group). In 8 animals, a Melody valve was implanted at
12.5 � 0.5 months to correct the PR (early PVR group).
These animals were followed for another five months
before being killed at 17.5 � 0.5 months The remain-
ing 8 animals received a Melody valve at the age of
17.5 � 0.5 months (late PVR group). They also were
followed for 5 months and then killed at the age of
22.5 � 0.5 months

Healthy animals (n ¼ 8) who did not have any
intervention were killed at the age of 12.5 �
0.5 months, matching the age of the PR group at the
time of death or early valve implantation.

All animals of the early and late PVR study groups
completed the series. In the PR group, 1 animal was
excluded for further analysis owing to stent disloca-
tion in the weeks after the procedure. One animal
from the early PVR group was not included in the
tissue analysis because the sampling and analysis
were incomplete.
INTERVENTIONAL PROCEDURES. Creat ion of the
suprava lvu lar pulmonary stenos i s . A left-side
thoracotomy in the fourth intercostal space was per-
formed at mean age 4.5 � 0.5 months (lamb stage).
The supravalvular pulmonary artery was banded at
the level of the sinotubular junction of the pulmonary
trunk with the use of a polytetrafluoroethylene
(PTFE) strip sutured to the vessel wall to avoid
displacement and migration. A radio-opaque marker
was sutured onto the PA banding and subvalvular
level (Figure 1A).

Rel ief of the pulmonary stenos i s and creat ing
pulmonary regurg i tat ion . Invasive hemodynamics
were obtained, subsequently the PS was dilated, and
PR was created percutaneously. Left jugular venous
access was provided and the PS was fully dilated with
the use of a 22-mm high-pressure balloon (Atlas Gold,
Bard) with a pressure insufflator. A bare metal stent
was delivered on a 22-mm BIB-balloon (Numed) into
the right ventricular outflow tract (RVOT) across the
pulmonary valve (PV). Stent types used were 45-mm
CP-stent (Numed; n ¼ 16) and 43-mm AndraStent
XXL (Andramed; n ¼ 8) (Figure 1B).
Pulmonary va lve replacement . A Melody valve
(Medtronic) was implanted at the age of 12.5 �
0.5 months in the early PVR group (n ¼ 8) and at the
age of 17.5 � 0.5 months in the late PVR group (n ¼ 8).

Partial (2.5 L/min) extracorporeal membrane
oxygenation support was used to maintain circulation
while placing the valve through jugular access. The
Melody valve was delivered on a 22-mm Melody TPV
Ensemble II (Figure 1C).

IN VIVO STRUCTURAL AND FUNCTIONAL ANALYSIS

OF RV REMODELING AND REVERSE REMODELING IN

RESPONSE TO PVR. All animals underwent cardiac
magnetic resonance imaging (CMR) (3-T Magnetom
Prisma, Siemens Healthineers) at scheduled intervals:
1) before the relief of the PS and creation of the pul-
monary valve regurgitation (1-2 weeks); 2) after cre-
ation of the PR (1-2 weeks); 3) before valve
replacement (1-2 weeks); 4) after valve placement (1-
2 weeks); and 5) at death. The control group had 1
CMR study. All scans were performed in right decu-
bitus position, during suspended respiration and
electrocardiographic gating. Morphologic and func-
tional parameters were obtained from steady-state
free-precession cine loops in short-axis acquisition
covering both left and right ventricles, including PA
banding diameter and stent or valve position.

Left ventricular (LV) and RV volumes, mass, stroke
volume, and ejection fraction were obtained by
means of slice-by-slice manual contouring of the
endocardial and epicardial border in systolic and



FIGURE 1 Timeline and Interventional Schedule

(A) Circular polytetrafluoroethylene (PTFE) strip at the sinotubular junction tightened and sutured with Prolene 5/0 and fixed with 2 stitches

(Prolene 5/0) at the wall of the pulmonary trunk. Radio-opaque marker fixed at the PTFE strip and at the subvalvular level to facilitate the

stent implantation later. (B) Cardiac magnetic resonance image of bare-metal stent across the pulmonary valve. (C) Angiographic image of

Melody valve implantation in stent with extracorporeal membrane oxygenation cannula. PR ¼ pulmonary regurgitation; PVR ¼ pulmonary

valve replacement.
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diastolic phases. The papillary muscles were
excluded from the tracing. In the RV mass calcula-
tion, only the RV free wall was used; the septum was
excluded. Ventricular mass was calculated from the
ventricular wall volume using the density of
myocardium of 1.05 g/mL.26 Pulmonary and tricuspid
valve flows and regurgitation fraction were calculated
on phase contrast images. PR was calculated by
quantifying the reversal of diastolic flow on the
phase-contrast images acquired perpendicular to the
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PA and distal from the PV. Data were indexed for
body surface area (BSA) with use of the Mitchell for-
mula, 0.09 � W0.67, where appropriate.27 Data were
analyzed with the use of Costiul software (RightVol,
KU Leuven), which has been validated and described
previously.28

EX VIVO TISSUE ANALYSIS OF RV REVERSE REMODELING

IN RESPONSE TO PVR. At the end of the study protocol,
animals were killed under general anesthesia by IV
injection of 0.7 mL/kg pentobarbital (Dolethal, Veto-
quinol). The heart was removed, and samples taken
from the RV and LV. The tissue samples were fixed in
4% paraformaldehyde (PFA) and Tissue-Tek OCT
(Sakura Finetek) and snap frozen at �80 �C.

F ibros is quant ificat ion . Samples were processed in
histokinette and embedded in paraffin. Tissue sec-
tions of 8 mm thickness were deparaffinized and
stained with the use of a Sirius red kit (Polysciences).
The sections were imaged with the use of a Zeiss
Axioplan microscope with a �10/0.3-NA Ph1 objec-
tive. Based on the birefringence properties of collagen
using polarized light, the collagen subtypes were
quantified: type I thick fibers (red-yellow) and type III
thin fibers (green).29 Fibrosis and collagen subtypes
were quantified in the collected images in a blinded
manner with the use of Axiovision software, after
which data was unblinded.

C-termina l propept ide of procol lagen type I
measurement . Blood samples were taken with the
use of a BD Vacutainer K2 EDTA tube immediately
before interventions (before banding of the PA, before
PR was created, before PVR) and at death. The serum
C-terminal propeptide of procollagen type I (PICP)
level was quantified with the use of a competitive
enzyme-linked immunosorbent assay kit, according
to the manufacturer’s instructions (ABIN1057544,
Antibodies-Online).
Immunofluorescence staining: myofibroblasts. The pres-
ence of alpha-smooth muscle actin (aSMA)–positive
cells, a marker for myofibroblasts, was quantified as
previously described.30 Eight-micrometer-thick cry-
osections were fixed in 2% PFA for 15 minutes and
permeabilized with 0.2% Triton-X100 for 20 minutes
at room temperature. Sections were blocked with 2%
bovine serum albumin for 30 minutes and subse-
quently incubated overnight at 4 �C with aSMA anti-
body (1:250 dilution; A2547, Sigma-Aldrich). Next, the
sections were washed and incubated with a goat
antimouse Alexa Fluor 488 secondary antibody
(1:500 dilution; A28175, ThermoFisher Scientific)
and further labeled with Alexa Fluor 647 conju-
gated wheat germ agglutinin (WGA) and mounted
with the use of Prolong Gold antifade with
6-diamino-2-phenylindole (ThermoFisher Scientific).
Imaging and quantification were performed as pre-
viously described.30

Gene express ion analys i s . Total RNA was isolated
with the use of the RNeasy kit (1062832, Qiagen),
according tothe manufacturer’s instructions. cDNA
synthesis was carried out using the Superscript Vilo
kit on equal quantities of RNA per sample (11754050,
Thermofisher Scientific). The obtained cDNA was
diluted 1:20 in nuclease-free water before quantita-
tive polymerase chain reaction, which was set up in
384 well plates and analyzed as previously
described.29 Gene expression was normalized to the
mean of 2 reference genes (YWHAZ, RPL19). The
primers were commercially purchased from Inte-
grated DNA Technologies, and the sequences are
presented in Supplemental Table 1.

Myocyte hypert rophy . From tissue samples
embedded in Tissue-Tek OCT compound, 8-mm-thick
sections were prepared. The tissue sections were
fixed in 2% PFA and incubated with Alexa Fluor 647
Conjugated WGA (ThermoFisher Scientific) to label
their outlines for 1 hour. The sections were mounted
with Prolong Gold antifade mountant and imaged
with a Nikon A1R confocal microscope configured on a
Ti2 microscope using a Plan �40 Oil DIC H/N2 objec-
tive. Four random areas in nonfibrotic regions were
imaged. Horizontal and vertical lines of 165 mm size
were drawn on each image and the number of trans-
ected cardiomyocytes was counted; fewer cells
transected indicates larger hypertrophic cells.31

STATISTICAL ANALYSIS. Statistical analysis was
performed using SPSS version 26 (IBM) and tools
available in Prism 8 (GraphPad). Normality was
assessed by means of the Kolmogorov-Smirnov test.
Normality was not violated. Comparisons among
different groups were done by means of ANOVA with
Tukey’s post hoc test for multiple pairwise compari-
sons. Comparison of paired data was carried out using
a 2-tailed paired Student’s t-test. Continuous data are
expressed as mean � SD or SEM. Simple linear
regression was used for correlation analysis. Statisti-
cal significance was accepted with a P value <0.05.

RESULTS

IN VIVO STRUCTURALAND FUNCTIONAL RVREMODELING

AND REVERSE REMODELING IN RESPONSE TO PVR.

Pulmonary artery band ing and induct ion of
regurg i tat ion . Three months after pulmonary artery
banding, mild stenosis was present in all animals with
a measured invasive peak-to-peak gradient of 11.6
� 3.6 mm Hg.

https://doi.org/10.1016/j.jacbts.2022.09.008


FIGURE 2 In Vivo Structural and Functional Right Ventricular Remodeling and Reverse Remodeling

Continued on the next page
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Relieving the pulmonary artery stenosis by balloon
dilation resulted in a significant reduction of the RV-
to-PA peak-to-peak gradient (3 � 2 mm Hg)
(P ¼ 0.001). Implantation of the stent across the
pulmonary valve induced severe regurgitation, as
shown in Figure 2A. The PV indexed regurgitant vol-
ume increased significantly from 0.7 � 1.1 mL to 23.1 �
5.1 mL (P ¼ 0.000) after dilation.
RV remodel ing in response to pulmonary
regurg i tat ion . The pulmonary regurgitation gave
rise to a significant increase in the RV dimensions
within 10 days of stent placement, with some further
increase in the 5-month follow-up. The evolution of
the RVEDVi is shown in Figure 2B, presented sepa-
rately for the PR, early PVR, and late PVR groups. The
RVESVi also increased significantly in both groups
(P ¼ 0.019 and P ¼ 0.001) with DRVESVi 16.5 � 10.1 in
early PVR and 18.8 � 9.0 in late PVR (Figure 2C,
Table 1, Supplemental Table 2). The mass-to-volume
ratio decreased significantly after PR in all sub-
groups, with significantly increased RV mass
(Figure 2E). The RV-to-LV diastolic ratio, however,
increased significantly owing to the RV dilation
(P ¼ 0.002 and P ¼ 0.000) (Supplemental Table 2).
Tricuspid regurgitation (TR) was observed within
2 weeks after creation of PR in both study groups with
a DTR fraction in early PVR of 16.0 � 14.6 and in late
PVR of 13.4 � 10.1 (Figure 2D).
Pulmonary va lve replacement and immediate
response . There was no difference between early
and late PVR regarding RV mass and RV volume in-
dexes at 5 and 10 months of PR (Figures 2E and 2F).
Once PVR was performed, the pulmonary regurgita-
tion fraction and the indexed PV regurgitant volume
improved acutely in the early and the late PVR group,
as shown in Figure 2A. RVEDVi and RVESVi decreased
significantly in both PVR groups (P ¼ 0.000 and
P ¼ 0.049) (Figures 2B and 2C). Within 2 weeks after
PVR, recovery from dilatation of the RV was observed
in the early PVR group (DRVEDVi 47.5 � 17.8 mL/m2)
(Table 1). This effect was less pronounced in late PVR
(DRVEDVi 27.5 � 12.5 mL/m2) (P ¼ 0.021). TR
decreased significantly in the early PVR group after
PVR (P ¼ 0.026) with a DTR fraction of �15.1 � 15.2 in
early PVR compared with �3.4 � 7.0 in late PVR
(Table 1).
FIGURE 2 Continued

(A) Pulmonary regurgitation (PR) fraction over time. (B) Evolution of rig

(BSA) (RVEDVi) after interventions. (C) Evolution of right ventricular en

(D) Tricuspid regurgitation (TR) fraction over time. (E) RV mass indexed

monary valve replacement (PVR; n ¼ 8), late PVR (n ¼ 8), PR group (n
RV reverse remodel ing after PVR. Both early and
late PVR groups were followed for 5 months after
valve implantation. At that time point, the changes in
RV diastolic and systolic volumes and dimensions
were similar for both groups. The RV mass-to-volume
ratio had increased significantly in both early and late
PVR (P ¼ 0.001 and P ¼ 0.009) (Supplemental Tables 3
and 4). The RV-LV systolic and diastolic ratios
remained unchanged in both early and late PVR
groups. RV mass decreased significantly after PVR in
both groups (P ¼ 0.018 and P ¼ 0.006) (Figure 2E). LV
systolic and diastolic dimensions did not change
during follow-up (Supplemental Table 4). Animals in
early and late PVR were killed at 5 months after PVR.

RV REMODELING AND REVERSE REMODELING IN

RESPONSE TO PVR AT THE TISSUE LEVEL. To study
structural changes in the RV matrix, we analyzed
interstitial fibrosis and collagen cross-linking after
chronic PR and examined whether PVR altered
fibrosis (Figure 3A). Interstitial fibrosis and the
abundance of type I collagen, indicative of cross-
linking was increased several-fold in PR compared
to control (Figures 3B and 3C). Fibrosis was signifi-
cantly lower in both early and late PVR 5 months after
PVR compared with PR, with no significant difference
between early PVR and late PVR (P ¼ 0.81). Optimally,
we would have repeatedly sampled myocardial tissue
in the same sheep, but this was not possible. As a
surrogate, we analyzed circulating blood levels of
PICP, a biomarker for the synthesis of collagen type I
at each time point (Figure 3D). PICP increased from
the moment of PA banding, with highest values
detected at chronic PR (P < 0.05). In early and late
PVR, the PICP levels decreased after PVR (P ¼ 0.16
and P ¼ 0.014, respectively, 2-tailed paired Student’s
t-test) but remained elevated compared with control.
The PICP levels correlated well with fibrosis, although
scatter was substantial (Figure 3E).

Given the major role of activation of fibroblasts and
their differentiation into myofibroblasts in cardiac
remodeling, we also probed for the presence of
myofibroblasts. To this end, we counted the number
of interstitial cells that were positive for aSMA
(Figure 4A). Compared with the PR group, the number
of aSMA-positive cells was significantly lower in both
ht ventricular end-diastolic volume indexed for body surface area

d-systolic volume indexed for BSA (RVESVi) after interventions.

for BSA over time. (F) RV stroke volume over time. All: early pul-

¼ 5). RV ¼ right ventricular.
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TABLE 1 Differences in. Magnetic Resonance Imaging Observations Expressed as Delta (D) Between Study Groups

D Before vs After Stent D Before vs After PVR D After PVR vs Death

Early
(n ¼ 8)

Late
(n ¼ 8) P Value

Early
(n ¼ 8)

Late
(n ¼ 8) P Value

Early
(n ¼ 7)

Late
(n ¼ 8) P Value

PR fraction, % 41.9 � 14.1 41.1 � 7.9 0.88 �38.7 � 11.7 �34.7 � 6.1 0.41 2.0 � 3.9 0.3 � 2.8 0.22

PV regurgitant volume, mL 23.6 � 5.1 21.0 � 5.8 0.35 �30.1 � 9.9 �21.5 � 8.2 0.07 0.6 � 1.0 �0.2 � 0.6 0.08

TR fraction 16.0 � 14.6 13.4 � 10.1 0.67 �15.1 � 15.2 �3.4 � 7.0 0.06 0.1 � 6.1 �0.5 � 6.1 0.79

RVEDVi, mL/m2 58.1 � 23.2 36.7 � 16.7 0.05 �47.5 � 17.8 �27.5 � 12.5 0.021a �3.5 � 8.4 �15.8 � 9.6 0.021a

RVESVi, mL/m2 16.5 � 10.1 18.8 � 9.0 0.62 �11.8 � 14.0 �10.4 � 15.0 0.85 �0.3 � 9.0 �6.6 � 6.5 0.19

RV-LV diastolic ratio 1.1 � 0.5 1.1 � 0.2 0.64 �1.2 � 0.5 �0.7 � 0.2 0.019a 0.1 � 0.3 �0.1 � 0.4 0.53

RV-LV systolic ratio 0.6 � 0.4 0.5 � 0.3 0.53 �0.4 � 0.6 �0.3 � 0.4 0.73 0.1 � 0.3 �0.3 � 0.6 0.11

RV mass indexed, mL/m2 16.1 � 12.0 5.3 � 5.2 0.032a �4.4 � 4.0 1.0 � 5.9 0.05 �1.6 � 5.5 �6.0 � 4.4 0.15

RV mass-to-volume ratio 0.0 � 0.2 �0.1 � 0.1 0.14 0.1 � 0.1 0.1 � 0.1 0.90 �0.1 � 0.2 0.0 � 0.1 0.90

Values are mean � SD. aP < 0.05.

PR ¼ pulmonary regurgitation; PV ¼ pulmonary valve; TR ¼ tricuspid regurgitation; RVEDVi ¼ right ventricular end�diastolic volume indexed for body surface area; RVESVi ¼ right ventricular end�systolic
volume indexed for body surface area; LV ¼ left ventricle; PVR ¼ pulmonary valve replacement.
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early PVR (P <0.001) and late PVR (P <0.001). There
was no difference between early and late PVR
(P ¼ 0.91) (Figure 4B). The density of myofibroblasts
correlated well with the degree of collagen deposition
(Figure 4C).

To gain insight into the mechanisms of fibrosis and
underlying signaling, we assessed changes in
expression of genes related to matrix remodeling. In
PR, the expression of all genes analyzed was
increased several-fold over control. Collagen type I
was significantly reduced after PVR, whereas lysyl
oxidase, promoting collagen cross-linking, did not
reach significance (Figures 4D and 4E). The expression
of periostin, which can directly interact with collagen
type I, also was reduced after late PVR in contrast to
early PVR (Figure 4F). The gene expression of matrix
metalloproteinase 2 was significantly reduced after
PVR (Figure 4G).

We further assessed the impact of the RV load
during PR and subsequent PVR on cardiomyocyte
hypertrophy. Cardiomyocyte size was analyzed in
tissue sections stained with WGA (Figure 5A) by
measuring the number of transected cardiomyocytes
in a line of fixed length, a smaller number indicating a
larger cell diameter. Hypertrophy was most pro-
nounced in the PR group, and significantly different
between the early and late PVR groups (Figure 5B). In
line with cardiomyocyte hypertrophy, gene expres-
sion of the hypertrophy markers natriuretic peptide
(NPP) A and B was most elevated in the PR group, and
the reduction after PVR was statistically significant
only for NPPA (Figure 5C). In Figure 5B we present the
data for wall thickness of the free RV wall as measure
of myocardial hypertrophy and show that this
parameter correlated with measurement of cellular
hypertrophy.
DISCUSSION

OVINE MODEL TO STUDY SECONDARY PR AND PVR

IN rTOF. A sheep model resembling the clinical
course of patients with TOF was created to study RV
reverse remodeling after PVR as well as the timing of
PVR itself.12,16 Data on RV reverse remodeling after
PVR in patients with rTOF exist, but data on reverse
remodeling of myocytes and ECM are lacking.14

Most animal studies where PS and/or PR is created
are performed in pigs.32-34 A significant advantage of
our sheep model is the more modest weight gain,
allowing longer follow-up (þ36% in sheep vs þ127% in
pigs over 3 months). This growth difference could
explain why the RVOT gradient is higher in the pig
models.34 The downside is a milder PS in sheep.

Compared with other animal models, our approach
to create PR was different. We used a bare-metal stent
to create PR over external suture plication, leaflet
resection, or transannular patch.34-39 The use of a
bare metal stent in the RVOT is known to induce se-
vere pulmonary regurgitation and RV dilation in an-
imal models.40-42 Later on, the stent enabled a good
stable positioning of the Melody valve.

The procedural time points in our model were
chosen in relation to the clinical decision moments
we experience over the lifetime of a patient with
TOF. The age of 12.5 � 0.5 months for early PVR and
17.5 � 0.5 months for late PVR was chosen based on
the key physiologic milestones and weight gain of
the sheep. Wang et al43 described a quantitative
translation of dog-to-human aging, based on a
comparison of DNA methylation. Similar more spe-
cific ovine data do not exist, but using the logarith-
mic scale of Wang et al, early PVR corresponds to a
human age of 15 to 25 years and late PVR to 30 to 40



FIGURE 3 Fibrosis in Pulmonary Regurgitation and Reverse Remodeling After Pulmonary Valve Replacement

Continued on the next page

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 3 , 2 0 2 3 Cools et al
M A R C H 2 0 2 3 : 3 0 1 – 3 1 5 RV Remodeling in Tetralogy of Fallot

309



FIGURE

(A) Tiss

quantifi

(B) Righ

collagen

I (PICP)

among

Cools et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 3 , 2 0 2 3

RV Remodeling in Tetralogy of Fallot M A R C H 2 0 2 3 : 3 0 1 – 3 1 5

310
years. Although the match may not be perfect, this
ovine model allowed us to study the response to
PVR across the spectrum of in vivo, cellular, and
molecular remodeling.

IN VIVO STRUCTURALAND FUNCTIONAL RVREMODELING

AND REVERSE REMODELING IN RESPONSE TO PVR. The
changes consequent to the PS, present at the time of
induction of PR, are consistent with earlier findings in
pressure overload, ie, an increase in RV mass without
dilation.23,44,45 The subsequent hemodynamic
changes due to superimposed volume overload were
as expected with substantial RV dilation. In this
study, the RV mass-to-volume ratio also decreased
during PR similarly as in patients with rTOF.

Within 2 weeks after PVR, we saw a significant
reduction of the RV dilation, with slower progression
in the subsequent months. This time course is similar
to what we observe in patients with TOF, where RV
reverse remodeling is seen immediately after PVR
and reverse remodeling continues up to 3 years after
PVR.18 The early reduction was more pronounced in
the early PVR group, but the eventual reverse
remodeling was similar in both groups, although
neither volume nor mass returned to values of the
control group, as also observed at the tissue level.

The difference of immediate response between
early and late PVR groups needs cautious interpreta-
tion as factors unrelated to the correction of PR may
influence reverse remodeling. The RV dilation during
PR can lead to TR in the absence of structural damage
to the tricuspid valve. Variability between animals in
the presence of TR would influence the remodeling
process, as suggested in a post hoc analysis of our
data. This hypothesis requires further study, to be
pursued in both experimental and clinical settings.

EX VIVO TISSUE ANALYSIS OF RV REVERSE REMODELING

IN RESPONSE TO PVR. Reverse remodeling of matrix
and cardiomyocytes was documented by tissue sam-
ples obtained at the time of death, with the PR group
as reference. These data indicated that there is
reduction of fibrosis and reverse matrix remodeling
5 months after PVR, to the same extent in both early
and late PVR, except the expression of periostin did
3 Continued

ue sections of 8 mm size stained with Sirius Red. Quantification of intersti

ed: type I thick fibers (red/yellow) and type III thin fibers (green). Images o

t ventricular (RV) interstitial fibrosis; Sirius Red staining, polarized light: PR

type I: PR (n ¼ 5), late PVR (n ¼ 8), early PVR (n ¼ 7), control (n ¼ 8). (D)

level: PR (n ¼ 5), late PVR (n ¼ 8), early PVR (n ¼ 7), control (n ¼ 8). †mea

different groups were done by means of ANOVA with Tukey’s test. *P < 0
not decrease in late PVR, in contrast to early PVR.
This might explain the less pronounced reduction of
collagen type I in late PVR, because periostin can
directly interact with collagen I.46,47

Serial sampling of PICP, a biomarker for the syn-
thesis of collagen type I, confirmed the presence of
reverse remodeling.48 Nevertheless, the levels
of fibrosis and PICP did not fully return to those of
healthy animals of the same age as the PR group.
Likewise, cardiomyocyte hypertrophy regressed
significantly, but again, not reaching the cell size seen
in healthy animals. Gene expression patterns also
support some degree of matrix remodeling, but eg,
signaling toward collagen cross-linking and matrix
degradation was not (yet) significantly down-
regulated.

The incomplete reversal of remodeling may be due
to the relatively early evaluation, but other factors
could also contribute. As with the in vivo remodeling,
the presence of TR can affect the extent and time
course of reverse remodeling. The PICP data also
suggest an important remodeling related to the first
phase of pressure overload, exacerbated by the vol-
ume overload. Little is known about the compound
effects of these insults, requiring further research
into related signaling pathways.

CLINICAL EVIDENCE FOR REVERSE REMODELING

AND FUTURE RESEARCH PERSPECTIVES. In patients
with rTOF, an expansion of the extracellular volume
(ECV) fraction was observed with the use of T1 map-
ping, which reflects the ratio of ECM volume to total
myocardial volume.49 This increased ECV was
demonstrated in RV volume overload and was nega-
tively related to RV mass-to-volume ratio. The au-
thors49 speculated that in patients with TOF with RV
volume overload, an increased ECV with decreased
mass-to-volume ratio correlates with a maladaptive
process characterized by diffuse fibrosis and loss of
cardiomyocytes. Our findings at the tissue level sup-
port the idea that increased ECV and decreased mass-
to-volume ratio on CMR correspond to increased
fibrosis because of activated fibroblasts and increased
cross-linked collagen. However, the experimental
tial fibrosis using polarized light, the collagen subtypes were

f (top row) Sirius Red staining and (bottom row) polarized light.

(n ¼ 5), late PVR (n ¼ 8), early PVR (n ¼ 7), control (n ¼ 8). (C) RV

Evolution over time of C-terminal propeptide of procollagen type

ns sacrifice. (E) Correlation of RV fibrosis and PICP. Comparisons

.05; **P < 0.01; ***P < 0.001. Abbreviations as in Figure 1.



FIGURE 4 Inactivation of Myofibroblasts and Gene Expression for Matrix Remodeling in Response to Pulmonary Valve Replacement
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data are not in line with cardiomyocyte atrophy but
rather show a hypertrophic response of the RV car-
diomyocytes. In a recent study, severe fibrosis was
documented and correlated with increased RV mass
and increased RVESVi in adult rTOF patients under-
going surgical PVR.50

Fibrotic changes due to RV volume overload have
not been studied to the same extent as pressure
overload, but several studies using CMR are consis-
tent with RV fibrosis in patients with rTOF. Kozak
et al found in 18 children with rTOF shorter post-
contrast T1 values of the RV anterior wall compared
with healthy children, suggesting a higher degree of
fibrosis.51 CMR signs of fibrosis correlate with
different factors, such as the presence of pressure
overload, late repair, and increased patient age, and
signs of fibrosis can be present in children early after
repair.52 In adults with rTOF, higher PICP levels
correlated with larger RV volumes and higher RV LGE
on CMR.48 In patients with rTOF, myocardial fibrosis
is a key element of the maladaptive response to
chronic hemodynamic overload, and its onset pre-
cedes ventricular dysfunction.49

The presented data show that severe PR leads to
fibrotic changes in the RV with increased signaling,
which has an important added value to the clinical
findings of CMR studies in patients with rTOF. More
importantly, PVR reverses these fibrotic changes with
decreased signaling, which supports the benefit of
valve replacement to preserve the RV. Although the
timing of PVR in this model did not affect the even-
tual RV reverse remodeling, early PVR led to more
rapid RV reverse remodeling process suggesting that
there is a margin in the timing of valve replace-
ment. The fibrotic changes correlated well with the
circulating biomarker PICP. This biomarker can have
an added value in the clinical follow-up of patients
with rTOF and might become helpful for decision
making.

The present experimental work suggests that
combining functional and structural imaging with
circulating biomarkers may provide stronger
FIGURE 4 Continued

(A) Immunofluorescent staining of a-smooth muscle actin (SMA) (green

germ agglutinin (WGA). (B) Density of myofibroblast cells with aSMA sta

PVR (n ¼ 7). (C) Correlation between fibrosis and myofibroblast different

type 1 (Col1a1), (E) lysyl oxidase (LOX), (F) periostin (POSTN), (G) matrix

(n ¼ 7), late PVR (n ¼ 8). Comparisons among different groups were do

***P < 0.001. Abbreviations as in Figure 1.
guidance in the clinical setting and will be the subject
of future studies.
STUDY LIMITATIONS. Our animal model mimics fea-
tures that we see in patients with TOF. We started,
however, with structurally normal hearts without
overriding of the aorta and a ventricular septum
defect. A TOF-phenotype sheep does not exist. A
surgical stenosis was created as early as possible in
the life of the lamb, which was after lactation, around
18 to 20 weeks. In this way the animal was able to
recover from the surgery in absence of its mother. The
observed changes on the heart, therefore, do not
correspond to the changes seen in a true congenital
tetralogy of Fallot. This is an important shortcoming
of our model.

The optimal study design to document reverse
remodeling would have been to sequentially sample
myocardial tissue at different interventional time
points and correlate these observations with the CMR
findings. However, serial pre-elevation of full thick-
ness myocardial tissue might have led to an increase
in myocardial scarring and increased loss of animals,
precluding this approach. TR was observed after stent
placement in both study groups.

Diffuse fibrosis may have an impact on diastolic
function with impaired relaxation and restrictive
filling patterns; unfortunately, this could not be
evaluated in the animals owing to absence of dedi-
cated software at the animal research facility. Also,
CMR imaging of diffuse fibrosis was technically not
possible in the first years of the study.

The arrhythmic risk and its relation to fibrosis were
not analyzed, and no malignant arrhythmia was
observed in these animals apart from a low threshold
for developing ventricular fibrillation upon advancing
large sheaths into the RVOT.

CONCLUSIONS

This sheep model shows pathophysiologic changes
similar to patients with rTOF and the benefit of
correction of PR. PR leads to important structural
) and nucleus 6-diamino-2-phenylindole (DAPI) (blue), and wheat

ining: pulmonary regurgitation (PR) (n ¼ 5), late PVR (n ¼ 7), early

iation. (D to F) mRNA expression for matrix remodeling: (D) collagen

metalloproteinase 2 (MMP2): control (n ¼ 7), PR (n ¼ 5), early PVR

ne by means of ANOVA with Tukey’s test. *P < 0.05; **P < 0.01;



FIGURE 5 Myocyte Hypertrophy and Reversal After Pulmonary Valve Replacement

(A) Examples of 8-mm-thick sections for cardiac myocyte count. (B) Number of transected myocytes per 1.3 mm: PR (n ¼ 5), late PVR (n ¼ 7), early PVR (n ¼ 7), control

(n ¼ 8). (C) NPPA and (D) NPPB expression in PR (n ¼ 5), late PVR (n ¼ 8), early PVR (n ¼ 6), and control (n ¼ 7) groups. Comparisons among different groups were

done by means of ANOVA with Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations as in Figures 1 and 2.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

long-term risks in patients with rTOF partially depend

on chronic RV volume overload. Creation of a large-

animal model resembling the course of patients with

TOF enables unraveling the pathophysiologic obser-

vations of remodeling and reverse remodeling of the

RV. Severe PR with RV volume load showed fibrotic

changes and hypertrophy with increased signaling.

PVR alters the fibrotic and hypertrophic changes with

decreased gene expression promoting collagen cross-

linking and remodeling of the ECM. Although early

PVR led to a quick RV recovery, eventually there was

no difference in outcome between early and late valve

replacement.

TRANSLATIONAL OUTLOOK: In our sheep model,

we could document, through tissue sampling, fibrosis

related to PV regurgitation that correlated with PICP,

which suggests further exploration of PICP in rTOF.

The timing of valve implantation did not affect the

eventual RV reverse remodeling process, calling for

further clinical studies on optimal timing.
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and fibrotic changes to the RV. PVR reverses these
structural and fibrotic changes in the sheep rTOF
model of PS and secondary PR. Although early valve
replacement led to a quick RV recovery, eventually
there was no difference in outcome between early
and late valve replacement. These data support the
benefit of valve replacement for RV function and
suggest that there is a margin in the timing of the
surgery.
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