@ E S C European Heart Journal Open (2023) 3, 1-10 ORIGINAL ARTICLE

European Society https://doi.org/10.1093/ehjopen/oead052 '
of Cardiology p g jop Miscellaneous

Septal radioablation therapy for patients with
hypertrophic obstructive cardiomyopathy:
first-in-human study

Xuping Li1’T, Zhaowei Zhu"T, Jun Liu2, Yawen Gao3, Yichao Xiao‘, Zhenfei Fang‘,
Qiming Liu', Xianling Liu?, Chunhong Hu?, Fang Ma®, Mu Zeng?, Zhi Liu®, Lin Hu',
Na Liu', Fan Xiang', Xinqun Hu', Lihong Huang’, and Shenghua Zhou ® "

1Department of Cardiovascular Medicine, The Second Xiangya Hospital, Central South University, 139 Mid-Renmin Road, Changsha, Hunan 410011, China; zRadioIogy Department, The
Second Xiangya Hospital, Central South University, Changsha, Hunan, China; *Oncology Department, The Second Xiangya Hospital, Central South University, Changsha, Hunan, China;
4Anesthesiology Department, Hunan Provincial People’s Hospital, Changsha, Hunan, China; and SZhongshan Hospital Affiliated to Fudan University, Shanghai, China

Received 10 March 2023; revised 3 April 2023; accepted 12 April 2023; online publish-ahead-of-print 23 May 2023

Aims There is still no non-invasive septal reduction therapy for patients with hypertrophic obstructive cardiomyopathy (HOCM).
This study aimed to investigate the feasibility, safety, and efficacy of stereotactic body radiotherapy (SBRT) in patients with
drug-refractory symptomatic HOCM.

Methods The radiation target of ventricular septum was determined by multiple anatomical imaging. Stereotactic body radiotherapy

and results was performed with standard techniques. Patients were treated with a single fraction of 25 Gy, followed up at 1, 3, 6, and
12 months by clinical visit. Five patients were enrolled and completed the 12 months follow-up. The mean radioablation
time was 21.6 min, and the mean target volume was 10.5 cm?. Al five patients survived and showed improvements in symp-
toms after SBRT. At 12 months post-SBRT, the echocardiography-derived left ventricular outflow tract gradient decreased
from 88 mmHg (range, 63—-105) to 52 mmHg (range, 36—66) at rest and from 101 mmHg (range, 72-121) to 74 mmHg
(range, 65—100) after Valsalva. The end-diastolic thickness of the targeted septum reduced from 23.7 mm (range, 20.3—
29) to 224 mm (range, 19.7-26.5); 6 min walking distance increased from 190.4 m (range, 50-370) to 412.0 m (range,
320-480). All patients presented with new fibrosis in the irradiated septum area. No radiation-related complications
were observed during SBRT and up to 12 months post procedure.

Conclusion The current study suggests that SBRT might be a feasible radioablation therapeutic option for patients with drug-refractory
symptomatic HOCM.

Trial ClinicalTrials.gov Identifier: NCT04686487
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Structured Graphical Abstract

Key question

Information of stereotactic body radiotherapy on hypertrophic obstructive cardiomyopathy (HOCM) is scanty.

Key finding

Stereotactic body radiotherapy can be applied for the radioablation of the targeted septum, and it will relieve the clinical symptoms of patients with HOCM.

Take home message

Radioablation might be a useful alternative for HOCM treatment.

This study aimed to investigate the feasibility, safety and efficacy of stereotactic body radiotherapy

(SBRT) in patients with drug-refractory symptomatic HOCM
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Introduction

Hypertrophic obstructive cardiomyopathy (HOCM) is an autosomal
dominant disease, characterized by asymmetric hypertrophy of the
ventricular septum and left ventricular outflow tract (LVOT) obstruc-
tion. It can cause dizziness, angina pectoris, dyspnoea, and even sudden
cardiac death (SCD)." It is now clear that the vast majority of mutations
in HOCM involve cardiac B-myosin heavy chain and myosin-binding
protein C.2 Despite therapeutic advancements, SCD is still the most
dangerous complication of HOCM, especially in younger patients.
Macroscopically, HOCM is characterized by thickened left ventricular
walls and reduced left ventricular volume, whereas at the tissue level,
the HOCM myocardium typically shows interstitial fibrosis and fibre
disarray.® At the cellular level, cardiac myocytes are hypertrophied, dis-
organized, and separated by areas of interstitial fibrosis.

Current study suggests that SBRT might be a feasible radioablation therapeutic option for patients with
drug refractory symptomatic HOCM.
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According to current evidence and guidelines,** pharmacologic ther-
apy with B-blockers, non-dihydropyridine calcium-channel blockers and
disopyramide is the mainstay of treatment in HOCM. Mavacamten, a
selective inhibitor of cardiac myosin, has recently emerged as a novel
medical therapy for HOCM.® Invasive or surgical operation is often ap-
plied to patients with HOCM refractory to medical management to
mitigate LVOT obstruction and ameliorate symptoms.

Currently, there are three main invasive methods aimed at reducing
septum volume for HOCM.” Myectomy and alcohol septal ablation
(ASA) are the most popular procedures for patients with
drug-refractory HOCM, and their success is highly dependent on the
experience of operators. The long-term mortality rates of myectomy
and ASA are 8.2 and 26.1%, respectively, based on a recent study.®
Compared with myectomy, ASA is also associated with a higher rate
of complete heart block, repeated procedures, a greater residual
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outflow pressure gradient, and a possible increased risk of scar-related
ventricular arrhythmias, which limit the broad application of this
invasive procedure in the treatment of patients with HOCM.
Notably, intramyocardial septal radiofrequency ablation is a new and
less invasive myocardial reduction option for patients with
HOCM.?"® However, its efficacy needs to be confirmed in large-scale
clinical studies.

Despite encouraging advances in the treatment of HOCM, less inva-
sive septal reduction therapy options remain absent.? Stereotactic body
radiotherapy (SBRT) is a well-established therapeutic option for pa-
tients with tumours."" Recently, SBRT has been applied to patients
with refractory ventricular tachycardia12 and achieved significant thera-
peutic effects in selected patients, highlighting the possibility of using
SBRT to treat patients with other cardiac diseases.

Recently, we confirmed the safety of SBRT in swine.”> In this
first-in-human study, we tested the hypothesis that SBRT could be a
feasible radioablation option to target hypertrophied septum and re-
duce LVOT obstruction in drug-refectory HOCM patients.

Methods
Study patients

Patients aged >18 years with a confirmed diagnosis of HOCM* were
screened for SBRT if they had obstructive symptoms including chest pain,
chest distress, palpitations, shortness of breath, or syncope despite optimal
medication for >3 months, with a maximal septum thickness of >15 mm
and peak LVOT gradient >50 mmHg at rest measured by echocardiog-
raphy. Patients did not want to receive surgery or ASA and agreed to par-
ticipate in this study and provided written informed consent. Patients who
were enrolled in other clinical studies, unable to tolerate lying flat for 1 h,
pregnant or lactating, and with other contraindications to stereotactic ab-
lative radiotherapy were excluded. This trial (SELECT study) was registered
at ClinicalTrials.gov (NCT04686487). The study protocol was approved by
the Institutional Ethics Committee of the Second Xiangya Hospital of
Central South University (#2018044) and was performed in accordance
with the ethical standards of the Declaration of Helsinki.

Procedural workflow

The procedural workflow of SBRT is shown in Figure 1. The patients under-
went echocardiography, computed tomography (CT), and cardiovascular
magnetic resonance (CMR) prior to SBRT. The clinical symptoms,
New York Heart Association (NYHA) classification, Kansas City
Cardiomyopathy Questionnaire (KCCQ), and 6 min walking distance
(6MWD) test were also assessed before SBRT, and the radiation target vol-
ume was comprehensively determined by multiple-image matching.

Multi-image matching

The anatomic information (magnetic resonance imaging, CT, and/or echo-
cardiography) were used to build a target for radioablation. In general, the
targeted area was 2—4 cm below the non-coronary cusp along the long axis
of the interventricular septum, with a 2 cm width and 1 cm depth, avoiding
the aortic valve, His bundle, and papillary muscles of left ventricle. The total
contoured volume was 4 cm®. To confirm the absence of His bundle in the
defined target radiation area, His-bundle mapping was performed in two
out of five patients. Briefly, a 7 F arterial sheath was placed in the femoral
artery using Seldinger’s method, and a 10-polar diagnostic catheter
(Inquiry™ steerable diagnostic catheter; Abbott, USA) was delivered retro-
gradely across aortic valves and into left ventricle. The biggest His-bundle
potential was usually found in the area of left ventricular superior septum,
near the root of aorta by three-dimensional reconstruction (EnSite™
Velocity™ Cardiac Mapping System; Abbott). As expected, absence of
His bundle was confirmed by His-bundle mapping in the defined target ra-
diation area.

Target volume margining

The treatment target volume was defined as described above, and the loca-
tion and shape of the target were outlined on the free-breathing CT scan
using the treatment planning system (TPS). The target is referred to as
the gross target volume (GTV). After outlining the GTV, an additional safety
margin of 3 mm around the GTV was added to account for internal motion
of the GTV caused by breathing and cardiac motion, as assessed by review
of the 4D-CT. This is called the planning target volume (PTV). Based on our
pre-clinical research,® the SBRT radiation treatment plan was generated in
the TPS to deliver a total dose of 25 Gy in a single treatment fraction to cov-
er the entire region of the PTV.

Radioablation delivery

The radiation treatment was delivered using an image-guided
radiotherapy-equipped linear accelerator (Trilogy, Varian Medical
Systems, USA).12 Before radiation, a custom immobilization device for
the patient was created to prohibit the patient from moving and to restrict
the breath extent during treatment. A series of CT scans are acquired in-
cluding a free-breathing CT and a respiration-correlated CT (4D-CT),
which provides information about the sum of cardiac and pulmonary mo-
tion. A cone-beam CT was performed before treatment and was compared
with the reference CT from the TPS. Automatic fusion was performed by
Siemens Syngo (Malverne, PA, USA) software, and correctional couch shifts
were implemented to achieve millimetre accuracy in positioning. Computed
tomography contrast was used during the free-breathing CT to facilitate
definition of cardiac structures when not otherwise contraindicated. A total
dose of 25 Gy in a single fraction was administered to the pre-defined target
volume with the goal of achieving sufficient dose coverage while avoiding or
limiting radiation injury to the surrounding organs, including the oesopha-
gus, stomach, lungs, and spinal cord. The entire procedure was performed
on conscious patients without sedation or anaesthesia.

Outcome assessments

The primary safety endpoint was defined as serious adverse events (SAEs)
that are possibly or probably or definitely related to SBRT, including
radiation-induced pneumonitis, atrioventricular block, and dysphagia. The
secondary outcome was the assessment of major adverse cardiac events
(MACE) endpoints including death, heart failure, myocardial infarction
and stroke, change in LVOT gradient, exercise capacity, and ventricular sep-
tum thickness post-SBRT.

After treatment, patients were followed up by clinical visits according to
the standard of care protocol established for patients undergoing SBRT.
Serum concentrations of N-terminal pro-B-type natriuretic peptide
(NT-proBNP), high-sensitivity cardiac troponin T (cTnT), 6MWD, NYHA
classification, KCCQ, electrocardiogram (ECG), 24 h Holter, echocardiog-
raphy, CMR, and pulmonary CT were assessed before SBRT and at 1, 3, 6,
and 12 months follow-ups. All clinical data assembled from the study popu-
lation are maintained in an institutional database.

Transthoracic echocardiographic examinations were performed in all pa-
tients with the EPIQ7C ultrasound systems (Philips Medical Systems, USA)
according to standard protocol.™ All echocardiographic recordings con-
sisted of three cardiac cycles with a frame rate >60 frames/s. Chamber
and wall dimensions of the left ventricle were measured in the two-
dimensional parasternal images. Two-dimensional and Doppler echocardio-
graphies were acquired based on the guidelines of the American Society of
Echocardiography. Images were stored and analysed by two independent
observers (N.L. and F.X.) blinded to clinical data. Subsequently, chamber
and wall dimensions of the left ventricle were measured in the two-
dimensional parasternal long-axis images. Left ventricular ejection fraction
and left atrial volume were calculated from the apical views using the
Simpson biplane method with left atrial volume indexed to body surface
area. Left ventricular outflow tract obstruction was assessed from a modi-
fied five-chamber view optimized to align the continuous wave Doppler
with flow direction in LVOT. Maximum flow velocity was measured at
rest and during the Valsalva manoeuvre and was automatically converted
into the LVOT pressure gradient by using the modified Bernoulli formula.
For the Valsalva manoeuvre, patients were carefully instructed to increase
their intrathoracic pressure to a maximum at a midrange volume to main-
tain an apical window for echocardiographic imaging. The Valsalva
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Figure 1 Procedure workflow. Patients undergo non-invasive visualization with computed tomography, echocardiography, and cardiovascular mag-
netic resonance according to clinical routine. Anatomical information obtained from the above imaging procedures is used to develop the radiation
volume, which is called ‘multi-image matching’. The target volume is transferred by the radiation oncologist onto a respiratory-correlated, four-
dimensional computed tomography scan, which allows an assessment of the total cardiac and pulmonary motion. In this example, a dose of 25 Gy
in a single fraction is prescribed for delivery to the target volume, with the goal of achieving maximal coverage inside the volume while avoiding exposure
to the surrounding organs at risk. The target volume is indicated in a red cube in the figure panel showing the treatment plan; a green dot indicates the
His bundle. The patient is immobilized with the use of a vacuum-assisted device, and stereotactic radiation is performed by means of an image-guided,
radiotherapy-equipped linear accelerator. After treatment, the clinical and haemodynamic conditions are monitored by electrocardiogram, echocar-
diography, or cardiovascular magnetic resonance during 12 months follow-up.

manoeuvre was repeated at least three times, and the highest outflow gra-
dient was registered. The presence of systolic anterior motion of the mitral
valve together with mitral valve regurgitation was assessed in both paraster-
nal and apical views.

Cardiovascular magnetic resonance was performed usinga 3.0 T scanner
(Skyra, Siemens Healthcare, Germany) with the following protocol: ba-
lanced steady-state free precession for long- and short-axis cine; standard
late gadolinium enhancement (LGE) imaging matching long- and short-axis
cine slices for the evaluation of fibrosis burde; T1-modified Look-Locker in-
version recovery acquisition with a 5(3)3 acquisition scheme for T1 map-
ping and T2-prepared steady-state free-precession sequence for T2
mapping. T1 and T2 mapping were performed before gadolinium chelate
injection. Late gadolinium enhancement images were obtained 10-15 min
after the administration of a gadolinium-based contrast agent (Magnevist,
Bayer, Germany) at a dose of 0.2 mmol/kg. Image post processing was per-
formed on a commercially available software (Cvi42, Version 5.13.5; Circle
Cardiovascular Imaging Inc, Canada) by an experienced CMR operator.
Morphological and functional parameters were calculated from cine images.
Late gadolinium enhancement area was identified semi-automatically using
full-width half-maximum approach. All the CMR analyses were performed
by a third organization (Department of Magnetic Resonance Imaging, Fuwai
Hospital, National Center for Cardiovascular Diseases) with blind method.

Results

Patients

From December 2020 to August 2022, five drug-refractory symptom-
atic HOCM patients (two females, three males) were enrolled in this

first-in-human study. In this study, all five patients were applied with
B-blocker and only one of them could tolerate another calcium antagon-
ist. Complete clinical data before the procedure and follow-up results up
to 1 year after the procedure for individual patients are presented in the
Supplementary material online, Appendix. Table 1 outlines the demo-
graphic and clinical data for each patient. The mean age of enrolled
patients was 52 years (range, 33—72). The echocardiography-derived
baseline LVOT gradient was 88 mmHg (range, 63—105) at rest,
101 mmHg (range, 72—-121) after the Valsalva manoeuvre. All patients
suffered from chest distress or shortness of breath, two out of five pa-
tients suffered from chest pain and one out of five patients suffered
from syncope or palpitation, even with regular medication therapy.

Stereotactic body radiotherapy

All the patients completed the SBRT procedure without complications.
The procedural details for each patient are provided in the
Supplementary material online, Appendix. The treatment characteristics
are presented in Table 1. The mean radioablation time was 21.6 min
(range, 20-23). The mean clinical target volume was 10.5 cm® (range,
8.35-12.75 cm’).

Clinical and haemodynamic changes after

the procedure

It seems the myocardium did not suffer an intense and acute injury from
the radiation. The serum levels of cTnT increased from 31.8 pg/mL
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Table 1 Demographic and clinical characteristics of the patients and treatment details
Variable Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Age (year) 72 33 67 52 38
Sex Male Male Female Female Male
Height (cm) 166 178 153 158 172
Weight (kg) 67 82 58 65 74
BSA (kg/m?) 175 20 155 1.66 187
Resting LVOT-PG (mmHg) 63 75 100 105 97
Provocation LVOT-PG (mmHg) 72 82 121 112 118
SBP (mmHg) 120 92 112 99 120
DBP (mmHg) 70 64 74 70 73
NYHA class \% 1li 1l} Il 1]
LVEF (%) 64 54 58 55 65
Ablation volume (mL) 835 12.75 10.48 10.16 10.75
Treatment time (min) 20.7 221 22.6 233 21
Symptoms
Chest pain Yes Yes No No No
Chest distress Yes Yes Yes Yes Yes
Shortness of breath Yes Yes Yes Yes Yes
Palpitations No Yes No No No
Syncope Yes No No No No
Medical history B-Blocker, calcium antagonist B-Blocker B-Blocker B-Blocker B-Blocker

BSA, body surface area; DBP, diastolic blood pressure; LVEF, left ventricular ejection fraction; LVOT, left ventricular outflow tract; NYHA, New York Heart Association; PG, peak gradient;

SBP, systolic blood pressure.

(range, 10-60.9) at baseline to 39.28 pg/mL (range, 11.8-60.1) at 1 day
post-SBRT and returned to 31.56 pg/mL (range, 11.7-62.4) at
12 months after SBRT. The NT-proBNP level increased from
3191 pg/mL (range, 1481-6616) at baseline to 6722 pg/mL (range,
1811-11238) at 1 day post-SBRT, and returned to 3655 pg/mL (range,
1863-6972) at 12 months after SBRT (Figure 2).

All five patients involved in this study survived and showed improve-
ments in symptoms. Furthermore, 12 months after SBRT, NYHA clas-
sification improved from Ill to Il in two patients and from IV to Ill in one
patient. The other two patients remained with Class Ill heart function,
while the KCCQ improved. The mean KCCQ of these 5 patients in-
creased from 61 (range, 47.3-70) to 77 (range, 55-88.3). Six-minute
walking distance increased in all patients: the mean value was 190.4 m
(range, 50-370) at baseline, 396.2 m (range, 300-540) at 1 month
follow-up, 382.2 m (range, 312—420) at 3 months follow-up, 401.6 m
(range, 280-540) at 6 months follow-up and 412 m (range, 320—480)
at 12 months follow-up (Figure 2). Importantly, the Patient 1 had syn-
cope episodes two to three times per year before SBRT, whereas no
syncope was observed during the 1-year follow-up period after SBRT.

To clarify the LVOT gradient before and after SBRT, echocardiog-
raphy assessment was applied during follow-up. As shown in Figure 3,
the LVOT gradient decreased in all patients after SBRT. The
echocardiography-derived LVOT gradient decreased from 88 mmHg
(range, 63—-105) to 52 mmHg (range, 36—66) at rest and 101 mmHg
(range, 72-121) to 74 mmHg (range, 65-100) after Valsalva manoeuvre
at 12 months follow-up. However, there is a trend of bouncing back of
both LVOT gradient at rest and after Valsalva during follow-up. The in-
version point usually occurred between 1 and 3 months post-SBRT. In
this study, we monitored the mitral regurgitation volume before and
after SBRT, the specific data were described in the Supplementary
material online, Appendix. Generally, the mitral regurgitation volume
was slightly reduced post-SBRT.

To identify the myocardium change after radiation, CMR was applied
before and after SBRT. As shown in Figure 4, new cardiac fibrosis did
not appear until 3 months after SBRT, which can be observed with
LGE and T1 mapping. In addition, the newly emerged fibrosis was
most obvious at 6 and 12 months follow-up post-SBRT. And with
the help of segment analysis of LGE and T1 mapping, fibrosis was ob-
served to be primarily located in segments 3 and 9, corresponding to
the targeted septum area. Moreover, myocardial oedema was quanti-
fied by T2 mapping, which showed a persistent high signal in the tar-
geted septum of SBRT, indicating a chronic and durable injury of the
radiated myocardium.

According to the newly developed fibrosis area (targeted septum),
end-diastolic thickness of the targeted septum was measured by
CMR. Septum thickness was measured by CMR imaging (Figure 5),
mean value decreased from 23.7 mm (range, 20.3-29) at baseline to
224 mm (range, 19.7-26.5) at 12 months follow-up. Notably, the
thickness of the septal wall was 23.7 mm at baseline and 22.4 mm at
1 year post-SBRT; however, this minor change could not be clearly
visualized in CMR imaging.

Serious adverse events related with
stereotactic body radiotherapy

No SAEs related to SBRT, including pneumonitis, atrioventricular block,
or dysphagia, were observed during the 12 months follow-up (see
Supplementary material online, Appendix). Moreover, pulmonary CT
images were performed to observe if there was newly developed pul-
monary fibrosis after SBRT. Our results showed that SBRT did not in-
duce pulmonary fibrosis. As shown in Figure 3D, the mean QRS
duration was 96 ms (range, 84—106) at baseline, 90.4 ms (76—100) at
1 day post-SBRT, 952 ms (84-108) at 6 months post-SBRT and
100.4 (88-114) at 12 months follow-up. As shown in Figure 3E, the
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Figure 2 Assessment of clinical improvement after cardiac radiation therapy. (A) The serum level of cardiac troponin before and after stereotactic
body radiotherapy. (B) The serum level of N-terminal pro-B-type natriuretic peptide before and after stereotactic body radiotherapy. (C) New York
Heart Association classification of cardiac function before and after stereotactic body radiotherapy. (D) Six minute walking distance test before and
after stereotactic body radiotherapy. (E) Kansas City Cardiomyopathy Questionnaire before and after stereotactic body radiotherapy.

PR interval was 166.4 ms (134—186) at baseline, 164.4 ms (116—190) at
1 day post-SBRT, 166.8 ms (122-192) at 6 months post-SBRT and
162.8 ms (128-192) at 12 months follow-up. No MACE occurred
among the five patients during the 12 months follow-up.

Discussion

In this first-in-human study, a septal radioablation procedure was ap-
plied for patients with drug-refractory HOCM, who did not wish to
be treated with surgery or ASA. The LVOT gradient was slightly re-
duced and the symptom was relieved during the 12 months follow-up
after SBRT. Importantly, no unwanted complications occurred during
the procedure or the follow-up period.

Stereotactic body radiotherapy is usually used in cancer treatment
to kill cancer cells and reduce tumour volume. Some pioneering
pre-clinical and clinical studies were conducted several years ago to
investigate the radiobiological effect and feasibility or efficacy of SBRT
in cardiovascular disease.'*'>7'8 Intrigued by the previous studies, we
investigated the effects of septum radiation in swine,"> which showed
that after 25 or 40 Gy radiation on the ventricular septum, serum
cTnT level increase at 1 day post-SBRT and the degree of necrosis in
the irradiated interventricular septum at 6 months after SBRT were ob-
served in both groups and which were more obvious in the 40 Gy dose

group as compared with the 25 Gy group. Based on the above work,
for the first time, we applied SBRT at a dose of 25 Gy to patients
with drug-refractory HOCM, who did not wish to be treated with sur-
gery or ASA. Although the reduction of LVOT gradient and septum
thickness after SBRT is not as significant as that after ASA or myectomy,
septal radioablation results in significant symptom relief and exercise
capacity increase in our patient cohort, the primary results hinted
that SBRT might be a feasible radioablation therapeutic option for pa-
tients with drug-refractory symptomatic HOCM.

In this study, it is interesting that the LVOT gradient mainly
decreased at 1 and 3 months follow-up; however, it increased
3—-6 months post-SBRT. The 6MWD showed a similar trend. We
speculate that SBRT may have two kinds of effects on myocardium:
pathological effect and functional effect. The pathological effect might
lead to cell apoptosis or death and form fibrosis. Currently, the func-
tional effect, to date, has not been fully understood. Radiation may in-
hibit the myocardial function without causing pathological injury to
the myocardium. The dysfunction of the septum myocardium may
also contribute to the LVOT gradient reduction. Unlike pathological
injury, the functional effect might gradually fade with time, which might
cause the ‘bounce back’ curve of the LVOT gradient. This phenom-
enon looks like the ‘myocardial stunning and hibernation’ after myo-
cardial ischaemia,19 which is also a kind of functional inhibition of
the myocardium.
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Figure 3 Assessment of left ventricular outflow tract gradient and cardiac conduction after cardiac radiation therapy. (A) Presentive images of the left
ventricular outflow tract gradient from one patient 12 months post-stereotactic body radiotherapy. (B) Left ventricular outflow tract gradient at rest
by echocardiography before and 12 months post-stereotactic body radiotherapy. (C) Left ventricular outflow tract gradient after Valsalva manoeuvre
by echocardiography before and 12 months post-stereotactic body radiotherapy. (D) QRS duration before and after stereotactic body radiotherapy.

(E) PR interval before and after stereotactic body radiotherapy.

In this study, CMR provided in-depth observation of radiation-induced
injury in the myocardium. Gradually increased fibrosis was evidenced by
CMR imaging in all patients (especially in the last four patients) in the tar-
geted septum at 6 and 12 months post-SBRT. The T2 mapping of CMR
showed increased oedema of the targeted area even at 12 months
post-SBRT, which indicated a sustained injury after radiation. This finding
is consistent with previous studies in cerebral radiation, in that the mean
and/or median time to the onset of oedema were within the range of
~3-9 months and can endure up to 34 years after radiation.’*?’
Although the T2 mapping data were missed in the early follow-up, we
can speculate myocardium oedema occurred late after SBRT. The de-
layed oedema may also contribute to the gradient rebound in this study.
Besides, the delayed oedema combined with the nearly unchanged serum
level of cTnT confirmed the chronic injury post-SBRT.

The major mechanism accounting of radiation-induced cell death is
DNA damage, with double-strand breaks (DSBs) being the most lethal
form. Oncogene-induced hyper-proliferation and DNA replication
stress are characteristic of cancers, making cancer cells vulnerable to ra-
diation. Similarly, it has been reported that pressure overload or muta-
tions might lead to replication stress response and DNA DSBs in
cardiomyocytes,”” which may be attributable to the vulnerability of
hypertrophic cardiomyocytes to ionizing radiation injury.

Safety is of the utmost importance for a novel therapeutic option.
The greatest challenge of cardiac SBRT is to prevent the potential
risk of injuring the atrioventricular conduction system. In our study, sev-
eral efforts were made to avoid inflicting unwanted radiation-induced
injury on the conduction system, especially on the His bundle.
Defining the target volume was achieved with the help of three-
dimensional CT reconstruction together with electrophysiological
mapping. The location and shape of the pre-defined radiation target
were then outlined on a free-breathing CT scan using the TPS. In
fact, no significant conduction abnormalities were observed during
SBRT or subsequent follow-up.

Study limitations

This study had certain limitations. First, this first-in-human study en-
rolled only five patients. Randomized clinical trials with a larger patient
cohort are needed to validate the promising results of this study.
Second, the molecular mechanisms of SBRT in HOCM should be fur-
ther investigated in basic experimental studies. Third, prolonged
Holter monitoring, post-procedural EPS, and/or event/loop recorder
were not performed in our study, which should be part of the future
study protocol. Fourth, in this FIM study, we did not apply the ECG
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Figure 4 Assessment of cardiac fibrosis after cardiac radiation therapy. Analysis of (A) late gadolinium enhancement, (B) T1 mapping in different
segments of the septum before and after stereotactic body radiotherapy (the American Heart Association standard 16-segment model was used).
(C) Representative short axis (upper panel), long axis (middle panel) of late gadolinium enhancement picture, and T1 mapping (lower panel) before
and post-stereotactic body radiotherapy by cardiovascular magnetic resonance. (Red arrows showed the fibrosis area.) (D) Representative T2 mapping
images of five patients 12 months post-stereotactic body radiotherapy.
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Figure 5 Assessment of targeted septum thickness by cardiovascu-
lar magnetic resonance. Analysis of targeted septum thickness at dia-
stolic end before and after stereotactic body radiotherapy.

gating during SBRT. Cardiac motion, including the changes derived from
differences in heart rate, pre-load and afterload, may considerably
change the target locations in these millimetric targets. We will improve
the SBRT procedure in future studies. Last but not least, potential per-
ipheral organ damage post-SBRT, such as objective assessment of oe-
sophageal function, should be evaluated in future studies.

Conclusion

Ventricular septal SBRT might be a feasible radioablation therapeutic
option for patients with drug-refractory HOCM.
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