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Purpose: This case report discusses the safe delivery of total body irradiation (TBI) to a patient with a left
ventricular assist device (LVAD). This treatment required radiation-dose determinations and consequential
reductions for the heart, LVAD, and an external controller connected to the LVAD.

Methods: The patient was treated using a traditional 16MV anterior posterior (AP)/posterior anterior (PA)
technique at a source to surface distance (SSD) of 515cm for 400cGy in two fractions. A 3cm thick Cerrobend
block was placed on the spoiler to reduce dose to the heart and LVAD to 150cGy. The external controller was
placed in a lem thick plastic box to reduce neutron dose and positioned as far away as possible, just outside
the treatment fields. In vivo measurements were made using optically stimulated luminescence dosimeters
(OSLDs) placed inside the box at distances of 2cm, 8.5c¢m, and 14cm from the field edge, and on the patient
along the central axis and centered behind the LVAD block. Further ion chamber measurements were made
using a solid water phantom to more accurately estimate the dose delivered to the LVAD.

Results: The total estimated dose to the controller ranged from 135.3cGy to 91.5cGy. The LVAD block
reduced the surface dose to the patient to 271.6¢Gy (68.1%). The block transmission factors of the 3cm
Cerrobend block measured in the phantom were 45% at lcm depth and decreased asymptotically to around
30% at 3cm depth. Applying these transmission factors to the in vivo measurements yielded a dose of 120cGy
to the implanted device.

Conclusion: Physical limitations of the controller made it impossible to completely avoid dose. Shielding
is recommended. The block had limited dose reduction to the surface, due to secondary particles, but
appropriately reduced the dose at 3cm and beyond. More research on LVADs dose limits is required.

Introduction

There is no cure for end stage heart failure. Currently, the only viable long-term treatment is a heart
transplant. Among the absolute contraindications for a heart transplant is the presence or history of cancer
(most types) within the previous 5 years due to concerns about active disease. An further complicating issue
is the known cardiotoxicities of cancer therapies, including radiation, chemotherapy, and immunobiologics, all
exacerbated by pre-existing cardiac morbidities!2. Left ventricular assist devices (LVADs) help to improve
survival rates in cases of heart failure and can be used as a bridge to transplant candidacy and ultimately
receiving a transplant. An LVAD is an implanted mechanical pump which is directly attached to the left
ventricle of the heart. The pump continuously pushes blood out of the ventricle to the aorta and the rest of
the body. The LVAD consists of the mechanical pump as well as an external controller attached by a short
driveline cable, 100cm in total length. Generally, the pump is powered by batteries located externally to
the patient. The device can also be directly plugged into an electric outlet, if needed. As LVAD technology
improves, more patients are having them implanted and survival rates with them are increasing. This
leads to a growing number of patients concomitantly afflicted with cancer. To bridge patients to transplant



candidacy, radiation is frequently used as part of the multidisciplinary approach to treatment.

Radiation is well known to damage electronics. While the effect of radiation on other cardiac implantable
electrical devices (CIED), including pacemakers and defibrillators, has been well studied, there remains
limited data on radiation to LVAD?7. Much of the existing radiation data is in the form of in-vitro studies and
case reports® 5. None of these studies considered the radiation sensitivity of the LVAD external controller.
Here, we report the first case of dose delivered to the controller and the first reported case of total body
irradiation (TBI) to a patient with an LVAD.

The nature of TBI treatments makes this an especially challenging case. The goal of the TBI is to eliminate
the leukemia cells within the bone marrow, as well as suppress the immune system in order to decrease
the potential for transplanted hematopoietic stem cell rejection. Traditional TBI techniques use opposing
fields, AP/PA or laterals, to deliver a therapeutic dose. This does not allow for the same level of precise
dose delivery as more advanced treatment techniques for localized cancers. This creates a tradeoff between
limiting dose to the LVAD while ensuring sufficient dose to the surrounding bone marrow. In addition,
these TBI treatments utilize large open radiation fields with sufficient flash to cover the entire patient. This
is quite different from the majority of case reports in localized radiotherapy where the LVAD controller is
usually far away from the radiation field. Even outside of the direct radiation field, there is out-of-field dose
to consider from scatter dose and linear accelerator leakage. As a result, the external controller cannot be
completely removed from all radiation. This report details the treatment approach used to manage this
complex patient.

Furthermore, accurately assessing the dose delivered to the LVAD during a TBI poses unique challenges.
In-scatter, back-scatter, and electron contamination all contribute to uncertainty in dose calculations'®17. In
addition, there is a lack of information on out-of-field doses in treatments with extended SSDs such as TBI
treatments'®. Therefore, direct measurements are necessary to estimate dose to the LVAD and the external
controller.

Methods and Materials
Patient Background

The patient in this case study is a 36-year-old male, with a history of acute myeloblastic leukemia.
Chemotherapy is believed to have caused cardiomyopathy leading to cardiogenic shock with an ejection
fraction of 18% and the subsequent need for a left ventricular assist device (LVAD). To bridge the gap to
transplant candidacy, the patient was implanted with an Abbot HeartMate 3 LVAD approximately 5 months
prior to radiation treatment!'?:20.

TBI Simulation

The patient was simulated and treated using a traditional 16 MV anterior posterior (AP)/posterior anterior
(PA) technique. High energy x-rays (>10MV) produce less dose variation form the central axis'”. However,
known neutron contamination in high energy x-rays is detrimental to electronics®’22. At the time of
treatment, alternative TBI treatments using 6MV were not commissioned in our clinic. As such, the patient
was classified as high-risk and associated recommendations made in the report of AAPM Task Group 203
were followed, including having members of the cardiology team present for every treatment?.

During simulation, the patient laid on their left side facing the treatment machine. A 2.54cm thick acrylic
beam spoiler was placed in front of the patient near the skin surface to increase the surface dose in the
build-up region at a source-to-surface distance of 500 cm, simulating the AP treatment. The patient was
then positioned such that the distance from the spoiler to their umbilicus was 15cm. Measurements of the
patient’s thickness were acquired at the umbilicus, head, neck, shoulder, mediastinum, hip, mid-thigh, knee,
and ankle. The midline separation was measured to be 26cm. Off-axis distances and the spoiler-to-patient
separation were also measured for each anatomical landmark. Planar imaging was done with 16 MV beams
and film in this position to ascertain the position of the heart and LVAD within the patient. This entire



process was repeated with the patient on their right side facing away from the machine to simulate the PA
treatment. The PA simulation setup of the patient is shown in Figure 1A

The patient was prescribed 400cGy to the midline in two 200cGy daily fractions, with the AP and PA fields
equally weighted.

After careful discussion about the patient’s safety, the area encompassing the LVAD and heart was prescribed
a reduced total dose of 150cGy (37.5% prescription), which was the minimum that would be achievable due
to scatter dose from behind the Cerrobend block. The size and shape of the Cerrobend was determined by
the physician based on the planar imaging acquired during simulation. An in-house TBI calculator was used
to calculate the necessary thickness of lead compensators to optimize dose homogeneity at each anatomical
site measured and the required thickness of Cerrobend to block the heart and LVAD (LVAD block). From
this, the LVAD block was calculated to be 3 cm thick. Lead compensators were fabricated out of 1.69mm
thick lead sheets to be attached to the gantry mount.

Treatment

Both treatment fields were 40x12cm? with the collimator set to 90 degrees. The LVAD was switched from
battery power to external power to minimize the chance of power disruption during the treatment. As shown
in Figure 1B, the external controller for the LVAD was placed inside a 1cm thick plastic box to reduce neutron
dose and positioned outside the treatment field above the patient such that the field edge was approximately
coincident with bottom of the box. The controller could not be moved any further out of the field due to
the finite length of the driveline cable connecting it to the rest of the LVAD. High-Z shielding was not used
due to the concern of creating secondary particles. The appropriate LVAD block was placed on the beam
spoiler for each treatment field. Figure 1B shows the placement of the AP block. Planar film imaging was
used to confirm the position of the block. If necessary, the position of the block was adjusted, and imaging
was repeated. For the first fraction, in vivo measurements were obtained by placing two Landauer nanoDot
optically stimulated luminescence dosimeters (OSLDs) on the patient for each treatment field to measure
the entrance dose along the central axis and directly behind the LVAD block. In addition, OSLDs were
placed on the inside the box with the controller at distances of 2cm, 8.5cm, and 14cm from the field edge, as
shown in Figure 1C. In the figure, the OSLDs are placed on the outside of the box for ease of visualization.
The OSLDs were not placed directly on the controller to minimize the handling of the controller and to
help expedite the treatment process. Before, during, and after each treatment, the LVAD was interrogated
by the cardiology team to monitor the operational parameters of the LVAD. Before, during, and after each
treatment, the LVAD was interrogated by the cardiology team to monitor the operational parameters of the
LVAD.

Dose Estimation

In addition to the in vivo measurements taken during treatment, a series of phantom-based measurements
were acquired to estimate the dose more accurately to the LVAD at depth. First, ion chamber measurements
in solid water were made to estimate the depth dose behind the LVAD block. An Exradin A12 ion chamber
(Standard Imaging, Middleton, WT), with a radius of 0.61 was used for all measurements. The overall size
of the solid water phantom was kept constant at 30x30cm? and a 24cm thickness. The thickness of the
phantom was chosen to match the patient thickness, while the height and width were limited by the size
of the solid water available. However, the size was deemed sufficiently large to account for scatter. The
phantom was placed 15cm from the spoiler, centered behind the LVAD block location. To acquire a depth
dose curve, ion chamber measurements were taken at depths of 1, 2, 3, 4, 6, 9, 12, and 15cm. The effective
point of measurement for each of these points was shifted upstream by 0.6 multiplied by the chamber radius
upstream, as recommended for cylindrical ion chamber dosimetry?32%. These measurements were first taken
with the LVAD block placed on the spoiler identical to the treatment setup and the process was repeated with
no LVAD block in place. The ratios of these two measurements determined a depth-dependent transmission
factor of the LVAD block. To estimate the transmission factor at the surface, an OSLD was placed on the
surface of the phantom to measure the dose with and without the LVAD block present. The final dose



estimate to the LVAD motor was based on CT imaging taken subsequently to the TBI treatment. This
imaging was used to ascertain the depth of the LVAD motor from the AP and PA directions. From this, the
dose to the motor was estimated.

Results

The imaging from the AP and PA simulation and treatment of the patient’s chest can be seen in Figure 2.
The treatment images include the LVAD blocks. Daily interrogation of the LVAD showed no transient effects
during or immediately after radiation. A 15-month follow up reported no ill adverse effects from his TBI
conditioning regimen from a cardiac perspective. In fact, the ejection fraction had recovered to 65%, and
LVAD team is considering removal and disconnection of LVAD. It appears the risk of damage or injury to the
LVAD device, and heart from the neutron contamination or radiation exposure were well reduced. As shown
in Table 1, the in vivo OSLD measurements showed good agreement between the expected dose of 100cGy
and measured dose to the central axis. The AP and PA doses were 103.45 and 102.20cGy, respectively. The
OSLDs behind the LVAD block measured 66.49 and 73.61cGy for the same treatment fields. This equates
to an average surface dose of 70.05¢Gy behind the block and a relative transmission factor of 68.1%.

Figure 3 shows the amount of radiation to the controller box and the percentage of the prescribed dose
to the central axis, excluding imaging dose. In this region, the out-of-field dose dropped perfectly linearly
(R? = 1.000), ranging from 33.83% (135.30cGy) to 22.87% (91.46cGy) at 2cm and 14.5cm, respectively.
Extrapolating the results, the dose at the field edge is estimated to be 35.6% of the prescription (142.5¢Gy).
The dose decreased away from the field edge at 0.91% (3.65¢Gy) per centimeter. Based on the location of
the controller, average dose to the controller is estimated to be 27.5% (110cGy) for the course of the entire
treatment.

The result of the transmission factor measurements can be seen in Figure 4. The OSLD based transmission
factor at the surface is 67.9%. This agrees very well with the in vivo measurements taken. Below the surface,
the relative transmission drops until leveling out around 30% at a depth around three centimeters. Starting
at a depth of eight centimeters, the dose ratio slowly increased, reaching 31% at a depth of 15¢cm. The higher
values in the region upstream of 3cm can be attributed to a couple factors: in-scatter from the beam spoiler
and secondary particles from the LVAD block. The slight increase at the distal edge of the measurements is
likely a result of backscatter from the wall beyond the phantom setup and in-scatter from other surfaces in
the treatment room. Beam hardening beyond the block may also have contributed to this increase.

The chest CT of the treated patient was used to localize the LVAD motor within the patient. Based on this
imaging, the motor, including the housing, was estimated to have a width of 5.7 cm. From the AP direction
the motor had a depth ranging from 6.3 to 12.0 cm. From the PA direction, the depth was 7.1 to 12.8 cm.
These values fall within the flat region of Figure 4, where the LVAD block transmission was measured around
30%. Based on the estimated total of 200cGy delivered by each field, the final estimated dose to the LVAD
motor is 120cGy. However, this estimate has some caveats, was noted in the Discussion section.

Discussion

Based on the measurements acquired, much of the LVAD pump within the patient is estimated to have
received around 120cGy. However, a couple factors complicate this estimate. The high-Z titanium shell of
the LVAD pump causes attenuation and backscatter. The amount of dose penetrating the titanium to the
distal end of the pump itself is likely less than the estimated 30%. However, the dose deposition to the
proximal region would have been slightly elevated. These elements would slightly offset, the extent of which
is challenging to determine.

Multiple case studies have reported on patients with LVADs receiving external beam radiation®15. All these
studies looked at directed radiation, with none involving a patient receiving TBI or LVAD controller dose.
These studies looked at multiple generations of devices as new models are commonly being released®24.
The case studies suggest a dose tolerance of as much as 7500 cGy''. However, one case study identified a
patient who received stereotactic body radiation therapy to the lung who later had very significant ventricular



tachycardia burden following treatment which was not accurately recorded by their device'2. This failure may
be a result of radiation damage. Data around other implanted cardiac devices, defibrillators and pacemakers,
has shown a large degree of variability in dose sensitivity in these devices?6. This is likely the case with
LVADs, as well.

Most of the studies on LVAD radiation sensitivity have been limited to treatments using low energy pho-
tons (<10 MV). X-ray treatments produce neutrons above when photon energies exceed 10 MV, which is
associated with malfunctions of contemporary implantable cardiac devices?3. It is reasonable to assume a
similar correlation with LVADs. Gossman et al found that LVADs (n = 2) did not have any changes in
pump operation during radiation with 18 MV X-rays dosed 64-75 Gy'4. More studies are required to fully
determine the effect of neutrons on these devices.

We can be optimistic for this patient’s future, although the cardiovascular disease in stem cell transplant

survivors remains a concern?”.

Conclusion

This case documents the total body irradiation administered to a patient with a HeartMate 3 LVAD and
concomitant cancer. Despite direct radiation to the patient’s LVAD motor and scatter radiation to the
controller, no inappropriate device function was found during device interrogations performed throughout
treatment or within 6 months following treatment. The current literature on the effects of radiation on LVADs
is limited. As an increasing number of cardiac device-dependent patients will need cancer treatment, it is
imperative to understand the best treatment approaches that can be safely offered to this unique population.
Further research to address the safety of radiation therapy in patients with LVADs devices is needed.

Patient Consent

Written informed consent was obtained from the patient to publish this report in accordance with the
journal’s patient consent policy.

References

1. Zamorano JL, Lancellotti P, Rodriguez Munoz D, Aboyans V, Asteggiano R, Galderisi M, Habib G,
Lenihan DJ, Lip GYH, Lyon AR, Lopez Fernandez T, Mohty D, Piepoli MF, Tamargo J, Torbicki
A, Suter TM; ESC Scientific Document Group. 2016 ESC Position Paper on cancer treatments and
cardiovascular toxicity developed under the auspices of the ESC Committee for Practice Guidelines:
The Task Force for cancer treatments and cardiovascular toxicity of the European Society of Cardiology
(ESC). Eur Heart J. 2016 Sep 21;37(36):2768-2801. doi: 10.1093/eurheartj/ehw211. Epub 2016 Aug
26. Erratum in: Eur Heart J. 2016 Dec 24;: PMID: 27567406.

2. Wouter C. Meijers, MD, PhD; Javid J. Moslehi, MD; Need for Multidisciplinary Research and Data-
Driven Guidelines for the Cardiovascular Care of Patients With Cancer: JAMA November 12, 2019
Volume 322, Number 18

3. Chan et al. A Review and Analysis of Managing Commonly Seen Implanted Devices for Patients
Undergoing Radiation Therapy Advances in Radiation Oncology (2021) 6, 100732

4. Miften, M., Mihailidis, D., Kry, S.F., Reft, C., Esquivel, C., Farr, J., Followill, D., Hurkmans, C.,
Liu, A., Gayou, O., Gossman, M., Mahesh, M., Popple, R., Prisciandaro, J. and Wilkinson, J. (2019),
Management of radiotherapy patients with implanted cardiac pacemakers and defibrillators: A Report
of the AAPM TG-203+. Med. Phys., 46: e757-e788. https://doi.org/10.1002/mp.13838

5. European Heart Journal (2016) 37, 2768-2801Marbach JR, Sontag MR, Van Dyk J, Wolbarst AB.
Management of radiation oncology patients with implanted cardiac pacemakers: report of AAPM
Task Group No. 34. American Association of Physicists in Medicine. Med Phys. 1994; 21: 85— 90.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

Chelikani NM, Masterson K, Down LA, et al. Effects of gamma radiation on a ventricular
assist device and its percutaneous lead components. Asaio J. 2012 Jan-Feb;58(1):19-24. doi:
https://doi.org/10.1097/MAT.0b013e31823e5bcc

Grant JD, Jensen GL, Tang C, et al. Radiotherapy-induced malfunction in contemporary cardiovas-
cular implantable electronic devices: clinical incidence and predictors. JAMA Oncol. 2015;1:624-632.
Emerson LY, Deek MP, Almendral J, et al. Radiation therapy in patients with left ventricular assist
device: A case report and literature review. Pract Radiat Oncol 2016;6:e145-7.

Effect of Radiation in Patients with HeartMate 3 LVAD Therapy Butt, N. et al. The Journal of Heart
and Lung Transplantation, Volume 40, Issue 4, S520 - S521

Lasher D.E. Wojcicka J.B. Malcom R. Shears L.L. Case study of radiation therapy treatment of a
patient with a cardiac ventricular assist device. J Appl Clin Med Phys. 2008; 9: 2851

Schlam I, Lee A, Li S, et al. Left Ventricular Assist Devices in Patients With Active Malignancies. J
Am Coll Cardiol CardioOnc. 2021 Jun, 3 (2) 305-15.https://doi.org/10.1016/j.jaccao.2021.04.008
Ostertag-Hill CA, Mudd J, Werle DP, Tieu BH, Nabavizadeh N. Safe delivery of lung stereotactic
body radiation therapy in a patient with a left ventricular assist device and implantable cardioverter
defibrillator. Clin Case Rep. 2018 Jul 10;6(9):1704-1707. doi: 10.1002/ccr3.1666. PMID: 30214746;
PMCID: PMC6132160.

Scobioala S, Ernst I, Moustakis C, Haverkamp U, Martens S, Eich HT. A case of radiotherapy for an
advanced bronchial carcinoma patient with implanted cardiac rhythm machines as well as heart assist
device. Radiat Oncol. 2015;10:78.

Gossman MS, Graham JD, Tamez D, Voskoboynikov N, Larose JA. Evaluation of a ventricular assist
device: stability under x-rays and therapeutic beam attenuation. ASAIO J. 2012;58:212-216.

Wight J, Bigham T, Schwartz A, Zahid AT, Bhatia N, Kiani S, Shah A, Westerman S, Higgins K,
Lloyd MS. Long Term Follow-Up of Stereotactic Body Radiation Therapy for Refractory Ventricular
Tachycardia in Advanced Heart Failure Patients. Front Cardiovasc Med. 2022 Apr 29;9:849113. doi:
10.3389/fcvm.2022.849113. PMID: 35571173; PMCID: PMC9098944.

Narayanasamy G, Cruz W, Saenz DL, Stathakis S, Papanikolaou N, Kirby N. Effect of electron con-
tamination on in vivo dosimetry for lung block shielding during TBI. J Appl Clin Med Phys. 2016
May 8;17(3):486-491. doi: 10.1120/jacmp.v17i3.6128. PMID: 27167290; PMCID: PMC5690919.

Van Dyk J, Galvin JM, Glasgow GP, Podgorsak EB. The physical aspects of total and half body
photon irradiation. AAPM Report No. 17. 1986.

Kry, S.F., Bednarz, B., Howell, R.M., Dauer, L., Followill, D., Klein, E., Paganetti, H., Wang,
B., Wuu, C.-S. and George Xu, X. (2017), AAPM TG 158: Measurement and calculation of doses
outside the treated volume from external-beam radiation therapy. Med. Phys., 44: e391-e429.
https://doi.org/10.1002/mp.12462

Rogers JG, Pagani FD, Tatooles AJ, et al. Intrapericardial left ventricular assist device for advanced
heart failure. N Engl J Med. 2017;376(5):451-460.

Mehra M, Uriel N, Naka Y, et al. A Fully Magnetically Levitated Left Ventricular Assist Device-Final
Report. N Engl J Med. 2019;380:1618-1627.

Grant JD, Jensen GL, Tang C, et al. Radiotherapy-induced malfunction in contemporary cardiovas-
cular implantable electronic devices: Clinical incidence and predictors. JAMA Oncol. 2015; 1: 624—
632.

Wilkinson JD, Bounds C, Brown T, Gerbi BJ, Peltier J. Cancer-radiotherapy equipment as a cause of
soft errors in electronic equipment. Device Mater Reliab IEEE Trans. 2005; 5: 449— 451.

TAEA, “Absorbed dose determination in external beam radiotherapy: An international code of practice
for dosimetry based on standards of absorbed dose to water,” Technical Report Series No. 398, TAEA,
Vienna, 2001.

Yuzefpolskaya, Melana et al. The Society of Thoracic Surgeons Intermacs 2022 Annual Report: Focus
on the 2018 Heart Transplant Allocation System The Annals of Thoracic Surgery, Volume 115, Issue
2, 311 — 327

. P. R. Almond, P. J. Biggs, B. M. Coursey, W. F. Hanson, M. S. Huq, R. Nath, and D. W. O.



Rogers, “AAPM’s TG-51 protocol for clinical reference dosimetry of high-energy photon and electron
beams,” Med. Phys. 26 , 1847— 1870 (1999).

26. Mouton J, Haug R, Bridier A, Dodinot B, Eschwege F. Influence of high-energy photon beam irradiation
on pacemaker operation. Phys Med Biol. 2002; 47: 2879- 2893.

27. Armenian et al, Prediction of cardiovascular disease among hematopoietic cell transplantation survivors
Blood Advances: 24 JULY 2018 x VOLUME 2, NUMBER 14




Out-of-field dose to LVAD Controller

40 - 160
35 F 140
30 L 120 =
[G]
c L=
S 25 - 100 g
= wn
2 o]
g 20 L 8 O
g 3
o L
< 15 60 g
o
10 L4ap o
5 F 20
0 -0
0 2 4 6 8 10 12 14 16
Distance from Field Edge
Cerrobend Transmission Factor
80
300
70
250
60
=
T 50 200 3
€ ]
@ a0 a8
E 150 B
: :
Z 30 . - - - . -0 £
v
100
20
50
10
0 0
0 1 2 3 4 6 g 9 10 12 15

Depth (cm)

Hosted file

Tablel.docx available at https://authorea.com/users/761451/articles/737539-case-study-with-
dosimetric-analysis—-total-body-irradiation-to-a-patient-with-a-left-ventricular-assist-
device


https://authorea.com/users/761451/articles/737539-case-study-with-dosimetric-analysis-total-body-irradiation-to-a-patient-with-a-left-ventricular-assist-device
https://authorea.com/users/761451/articles/737539-case-study-with-dosimetric-analysis-total-body-irradiation-to-a-patient-with-a-left-ventricular-assist-device
https://authorea.com/users/761451/articles/737539-case-study-with-dosimetric-analysis-total-body-irradiation-to-a-patient-with-a-left-ventricular-assist-device

