JACC: CLINICAL ELECTROPHYSIOLOGY voL. B, NO. W, 2021
© 2021 BY THE AMERICAN COLLEGE OF CARDIOLOGY FOUNDATION

PUBLISHED BY ELSEVIER

INNOVATIONS IN CLINICAL ELECTROPHYSIOLOGY

Radiation-Induced Changes in Ventricular
Myocardium After Stereotactic Body
Radiotherapy for Recurrent Ventricular
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ABSTRACT

Stereotactic body radiotherapy (SBRT) has been suggested as a promising therapeutic alternative in cases of failed

catheter ablation for recurrent ventricular tachycardias (VTs) in patients with structural heart disease. This case series is
the first postmortem immunohistochemical analysis of morphologic changes in the myocardium early and late after SBRT.
The present findings are in line with experimental observations on apoptosis followed by fibrosis. This may explain why
the effect of SBRT on VT is not predominantly immediate. Together with observation of early recurrences after SBRT for

ecently, stereotactic body radiotherapy

(SBRT) has been suggested as a promising

therapeutic alternative in cases of failed
catheter ablation for recurrent ventricular tachycar-
dias (VTs) in patients with structural heart disease
(1). However, the exact mechanism of action of
SBRT on the human myocardial substrate is not fully
understood. Tissue changes were described either a
few weeks after SBRT and/or much later (2,3).
To our best knowledge, there are no previous
data on morphologic changes within directly
irradiated human hearts at 3, 6, and 9 months after
SBRT.

VT, these data suggest that this strategy may have rather delayed antiarrhythmic effects.
(J Am Coll Cardiol EP 2021;m:m-m) © 2021 by the American College of Cardiology Foundation.

CASE 1

A 52-year-old man with nonischemic cardiomyopathy
and atrioventricular block underwent implantation of
a cardiac resynchronization therapy defibrillator in
2016. In December 2018, he underwent catheter
ablation for an electric storm. A total of 7 configura-
tions of VT (rate 153-210 beats/min) were inducible.
Epicardial ablation was performed across the scar
area on the lateral wall. For persistent inducibility of
2 VTs from the upper and lower parts of the scar,
mapping of the aorta and the left main orifice was
performed for future coregistration for SBRT, as
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ABBREVIATIONS
AND ACRONYMS

SBRT = stereotactic body
radiotherapy

described recently by our group (4). The pa-
tient presented with early recurrences of VT
(at 160 beats/min) and was referred for SBRT.
A single dose of 25 Gy was delivered to the
left ventricular (LV) lateral wall substrate

VT = ventricular tachycardia

(planned target volume [PTV] 52 cm?) using
the strategy described earlier (4). Early after SBRT,
the patient had a cluster of VT recurrences, inter-
rupted by antitachycardia pacing. He had no signs of
radiation pneumonitis. Two months later, the patient
was readmitted for a recurrent electric storm, and
echocardiography showed a further decrease of LV
ejection fraction to 20% and severe right ventricular
dysfunction. He was intubated and deeply sedated.
Additional epicardial ablation was performed on the
LV free wall and in the right ventricular outflow tract
and free wall region (Figure 1). Subsequently, he
developed sepsis caused by respiratory infection and
was treated with antibiotics. For further recurrences
of VT, the patient underwent implantation of biven-
tricular support (HeartMate 3 [Abbott] and Centri-
Mag [Levitronics]). The postoperative course was
complicated by renal failure that required continuous
renal replacement therapy. Despite combined anti-
biotic therapy, the patient became comatose and
developed ischemic lesions in the colon and hepatic
failure. He died 13 weeks after SBRT of multiorgan
failure.

Following gross evaluation of the heart, a routine
autopsy was performed with subsequent fixation in
10% formalin. Tissue samples were processed to
paraffin blocks. Histologic sections were evaluated
using standard hematoxylin and eosin, and sirius red
with resorcin-fuchsin staining. Immunohistochem-
istry was performed as described previously (5).
Routine histologic evaluation revealed myocytolysis
corresponding to a previously irradiated region with a
sharp transition to a viable myocardium (Figure 2A).
Detection of caspase-3 as a marker of apoptosis
revealed intracellular immunoreactivity in the cyto-
plasm of macrophages in the irradiated region
(Figure 2B and Central Illustration).

CASE 2

A 57-year-old man was resuscitated for out-of-
hospital cardiac arrest in 2017 and underwent im-
plantation of a single-chamber implantable
cardioverter-defibrillator (ICD). Detailed examination
revealed coronary artery disease and severe LV
dysfunction (LV ejection fraction 25%) with infero-
lateral aneurysm. Three months later, he underwent
endocardial catheter ablation for an electric storm. In
January 2018, endo- and epicardial ablation of a
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HIGHLIGHTS

e SBRT for recurrent VT is a promising
strategy after failed catheter ablation.

e Our data suggest that SBRT results in
apoptosis with subsequent fibrosis.

e These observations suggest that SBRT
may have rather delayed antiarrhythmic
effects.

substrate on the inferolateral wall was performed for
recurrences of VT. The patient was admitted
11 months later for recurrences of VT. SBRT was
indicated and completed in December 2018. Infero-
lateral postinfarction scar was targeted (25 Gy deliv-
ered to the PTV of 62.1 cm?). He had few recurrences
of VT early afterward. After 6 months of freedom
from any arrhythmia, the patient died suddenly out
of hospital in July 2019.

The coroner determined the cause of death to be
acute anterior myocardial infarction. ICD memory at
the time of death showed episodes of refractory
ventricular fibrillation that was terminated only
transiently by a shock. Routine histologic staining of
the radiated region revealed fibrosis with a sharp
transition to viable myocardium. The fibrotic irradi-
ated region contained densely packed fibers,
including a relatively high elastic component
(Figure 2C). Only a small number of cells immunore-
active for caspase-3 were found.

CASE 3

A 67-year-old patient with a history of inferior
myocardial infarction and coronary artery bypass
surgery in 2000 underwent implantation of an ICD
and later was referred for catheter ablation because of
recurrences of VT. Three different configurations of
VT were induced, originating from the inferior scar.
Despite noninducibility at the end, the patient had
recurrences of 2 faster VTs. In June 2018, SBRT was
performed on the basis of positron emission tomo-
graphic/computed tomographic identification of the
scar, and the PTV encompassed the entire scar vol-
ume (70 cm?3). The patient presented with early
esophagitis (18 days afterward), but all symptoms
resolved on antiulcer therapy. Two early recurrences
of VT were noted (25 and 55 days afterward). Six
months after SBRT, the patient was admitted for
dysphagia, and a large ulcer in the terminal part of
the esophagus was diagnosed. Despite percutaneous
endoscopic gastrostomy insertion, the patient was
later for

readmitted 3 months progression of
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FIGURE 1 The Effect of SBRT on the Arrhythmogenic Substrate in Case 1

(A) Unipolar epicardial voltage map before stereotactic body radiotherapy (SBRT) with patchy scarring on the lateral left ventricular wall. (B)
Integration of the electroanatomical map with planning computed tomography with a highlighted target for SBRT (red). (C) The target for SBRT
with prescribed radiotherapy doses. (D) Unipolar epicardial voltage map obtained 10 weeks after SBRT and 3 weeks before autopsy. There is an
apparent new homogenous area of low unipolar voltage, which corresponds to the histologic finding of myocytolysis (Figure 2A).

symptoms. Corrective surgery was contraindicated
for high risk. A few days later, severe bleeding
occurred and the patient died because of asystole
after transient stabilization.

Macroscopically, a deep defect was seen in the
distal part of the esophagus (2 x 3 cm), opening into
a pericardial space with adhesions around and a
necrotic rim. Visceral pericardium formed the
ground of the defect and was colored gray to black
with a rough surface. Histologic staining of the
radiated myocardium revealed fibrosis with a sharp
transition to viable myocardium. Marked elastosis
was present in these regions (Figure 2D). Practically

no cells immunoreactive for caspase-3 were
observed.
DISCUSSION

The presented 3 clinical cases provide several impor-
tant lessons for the clinical application of SBRT in VT
management. First, using our strategy of coregistra-
tion of electroanatomical maps with computed to-
mography, we were able to reconstruct postmortem
with high accuracy the boundary of the irradiated re-
gion. This was confirmed by histologic examination
that showed sharp delineation from the surrounding
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FIGURE 2 Histological Changes in Ventricular Myocardium after SBRT
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Case 1 (13 weeks after stereotactic body radiotherapy [SBRT]): routine histologic evaluation revealed myocytolysis corresponding to a previously
irradiated region with a sharp transition to viable myocardium (A). Detection of active caspase-3 as a marker of apoptosis revealed intracellular
immunoreactivity in the cytoplasm of rounded cells that morphologically corresponded to macrophages (B). Case 2 (6 months after SBRT):
histologic staining of the irradiated area revealed fibrotic region containing densely packed fibers, including a relatively high elastic component
(C). Case 3 (9 months after SBRT): histologic staining of the irradiated region revealed myocardial scarring with marked elastosis (D).

myocardium. Second, tissue changes described in our 3
patients correspond to the experimental findings of
early and delayed effects of SBRT. Experimental irra-
diation of rat myocardium revealed apoptosis within
the first 5 months, leading to the subsequent replace-
ment of myocardial cells by fibrous tissue (6). Another
study in irradiated pig hearts revealed at 3 months in-
flammatory changes with cleaved caspase-3 (a marker
of apoptosis) and fibrosis at 6 months (7). This experi-
mental evidence is in line with our observations. At
3 months, most of the apoptotic cardiomyocytes were
phagocytosed by macrophages that contained
caspase-3. This indicates that myocardial cell death
caused by apoptosis is an early phenomenon. At
6 months, fibrosis was documented with marked
elastosis. Third, complex arrhythmogenic substrates
that are difficult to modify by catheter ablation may
not be suitable to SBRT either. The first case docu-
mented the extension of the substrate to the right

ventricle over time and thus the limited possibility to
irradiate several regions of the heart at once.

These 3 cases may also raise concern about the
safety of SBRT for recurrent VT. The death of the third
patient was related to SBRT. In contrast, the first
patient died of complications associated with re-
currences of VTs. The second patient died suddenly
because of myocardial infarction recurrence. This was
less likely related to SBRT, as the irradiated region
was on the distant inferolateral wall. At this stage of
knowledge, it is difficult to make any conclusions
about the late toxicity of SBRT and possible preven-
tion. In the patient with esophagopericardial fistula,
the esophageal dose limits were not exceeded in
volume, and probable contribution of altered vascular
supply in this region after the use of the gastro-
epiploic artery for coronary revascularization might
have played a role. This case may reemphasize the
importance of accuracy in the exact delineation of the
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EAVM Before SBRT

Kautzner, J. et al. J Am Coll Cardiol EP. 2021;m(m):m-N.

Sharply Demarcated Myolytic Region with
Apoptosis 3 Months after SBRT

CENTRAL ILLUSTRATION The Process of Data Collection in Case 1

Merge of EAVM and CT
with Target for SBRT

CT = computed tomography; EAVM = electroanatomical voltage mapping; SBRT = stereotactic body radiotherapy.

critical part of the myocardial substrate and the use of
the smallest PTV.

Our histologic observations should be seen in the
context of both experimental and clinical data on
predominantly delayed effects of SBRT in the treat-
ment of VTs. Experimental studies documented
clinical effects after several weeks (7). Similarly,
clinical experience shows rather delayed effect on VT
occurrence. In an earlier case report, we observed the
disappearance of VT episodes within 6 months after
SBRT in a patient with cardiac myxoma (8). In our
more recent case of repeated radiotherapy, the

therapeutic effect was noted only after 3 months (4).
Therefore, signs of apoptosis in the irradiated tissue,
especially early after SBRT with subsequent fibrosis,
suggest that the effect of SBRT is not predominantly
acute. However, some anecdotal clinical cases
demonstrated acute termination of an electric storm
(9), and 1 experimental study suggested that early
antiarrhythmic effects may be caused by cell-to-cell
conduction disturbances and cellular membrane
instability (10).

It is also important to mention that our observa-
tions are related to a specific radiotherapy platform,

New Low-Voltage Area
on Re-EAVM




Kautzner et al.
Histological Changes After SBRT for VT

CyberKnife, which allows better compensation for
respiratory movements and smaller PTV. There is no
information on potential differences in the resulting
histologic changes in the tissue between different
platforms.

In all cases (whether ischemic or nonischemic car-
diomyopathy), early VT recurrences were observed
after SBRT. This observation is in line with our pre-
vious study (4). Delayed development of fibrosis may
be critical for the maximum effect of SBRT on
myocardial substrate. However, our data do not
exclude acute effects observed by some research
groups. Both the immediate and long-term efficacy
and safety of SBRT must be determined in random-
ized trials or registries.

In conclusion, our findings suggest that SBRT for
VT induces initial apoptosis of cardiomyocytes in the
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irradiated region (during the first 3 months), followed
by the development of dense fibrotic scar at 6 to
9 months.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

This work was supported by grant project AZV NU20-02-00244 from
the Ministry of Health of the Czech Republic and by funding from the
European Union’s Horizon 2020 research and innovation program
under grant agreement 945119. The authors have reported that they
have no relationships relevant to the contents of this paper to
disclose.

ADDRESS FOR CORRESPONDENCE: Dr Josef Kautz-
ner, Department of Cardiology, Institute for Clinical
and Experimental Medicine, Videnska 1958/9, Prague
4, 140 21, Czech Republic. E-mail: josef.kautzner@
ikem.cz.

REFERENCES

volume delineation.
2020;5(2):ytaa516.

1. van der Ree MH, Blanck O, Limpens J, et al.
Cardiac radioablation: a systematic review. Heart
Rhythm. 2020;17(8):1381-1392.

2. Cuculich PS, Schill MR, Kashani R, et al. Nonin-
vasive cardiac radiation for ablation of ventricular

tachycardia. N Engl J Med. 2017;377(24):2325-  2trial fibrillation:

2336. based differences.
e0129124.

3. Kiani S, Kutob L, Schneider F, Higgins KA, 6. Salata C

Lloyd MS. Histopathologic and ultrastructural Andrade  CBV,

Eur Heart J Case Rep.

5. Smorodinova N, Lantova L, Blaha M, et al.
A bioptic study of left and right atrial inter-
stitium in cardiac patients with and without
interatrial but not rhythm-
PLoS ONE.

Ferreira-Machado ~ SC,  De
Mencalha AL,

8. Haskova J, Peichl P, Pirk J, Cvek J, Neuwirth R,
Kautzner J. Stereotactic radiosurgery as a treat-
ment for recurrent ventricular tachycardia associ-
ated with cardiac fibroma. HeartRhythm Case Rep.
2019;5(1):44-47.

9. Scholz EP, Seidensaal K, Naumann P, André F,
Katus HA, Debus J. Risen from the dead: cardiac
stereotactic ablative radiotherapy as last rescue in
a patient with refractory ventricular fibrillation
storm. HeartRhythm Case Rep. 2019;5(6):329-332.

2015;10(6):

Mndarim-de-

findings in human myocardium after stereotactic
body radiation therapy for recalcitrant ventricular
tachycardia.  Circ  Arrhythm  Electrophysiol.
2020;13(11):e008753.

4, Peichl P, Sramko M, Cvek J, Kautzner J. A case
report of successful elimination of recurrent ven-
tricular tachycardia by repeated stereotactic
radiotherapy: the importance of accurate target

Lacerda CA, De Almeida CE. Apoptosis induction of
cardiomyocytes and subsequent fibrosis after
irradiation and neoadjuvant chemotherapy. Int J
Radiat Biol. 2014;90(4):284-290.

7. Lehmann HI, Graeff C, Simoniello P, et al.
Feasibility study on cardiac arrhythmia ablation
using high-energy heavy ion beams. Sci Rep.
2016;6:38895.

10. Cha MJ, Seo JW, Kim HJ, et al. Early changes in
rat heart after high-dose irradiation: implications
for antiarrhythmic effects of cardiac radioablation.
J Am Heart Assoc. 2021;10:e019072.

KEY WORDS catheter ablation, histology,
immunohistochemistry, radiotherapy,
ventricular tachycardia


mailto:josef.kautzner@ikem.cz
mailto:josef.kautzner@ikem.cz
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref1
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref1
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref1
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref2
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref2
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref2
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref2
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref3
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref3
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref3
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref3
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref3
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref3
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref4
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref4
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref4
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref4
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref4
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref4
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref5
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref5
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref5
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref5
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref5
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref5
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref6
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref6
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref6
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref6
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref6
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref6
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref7
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref7
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref7
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref7
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref8
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref8
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref8
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref8
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref8
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref9
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref9
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref9
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref9
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref9
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref10
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref10
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref10
http://refhub.elsevier.com/S2405-500X(21)00687-3/sref10

	Radiation-Induced Changes in Ventricular Myocardium After Stereotactic Body Radiotherapy for Recurrent Ventricular Tachycardia
	Case 1
	Case 2
	Case 3
	Discussion
	Funding Support and Author Disclosures
	References


