Radiation Oncology at Light Speed: The Rise of FLASH Radiotherapy

In a darkened lab in 1895, Wilhelm Rontgen captured the first image of human bone using
invisible rays, effectively discovering the x-ray.! Soon after, scientists realized that x-rays could
damage live tissue and within three short years, radiation was being used to treat cancer.!> This
marked the beginning of radiation therapy and changed the trajectory of cancer treatment
forever. Today, there are 20 million new cancer cases annually and radiation therapy plays an
integral role in the treatment of 60% of patients.>* Its role is often curative for localized cancers
of the blood (lymphoma), brain, head and neck, lung, breast, cervix and prostate, among
others.>¢ Radiation therapy is also critical in palliative care, helping to relieve symptoms of
metastatic disease including painful bone metastases, compression of structures and bleeding
control.” By examining the progression of radiotherapy techniques, this essay highlights FLASH
radiotherapy as a transformative technique that could redefine cancer treatment through its
unique biological effects and clinical potential.

Today, conventional radiotherapy methods include external beam radiation therapy (EBRT), a
non-invasive approach that delivers beams of radiation from an external source, typically a linear
accelerator, to treat cancers inside the body.® Historical advances within EBRT include three-
dimensional conformal radiation therapy, which integrates computed tomography imaging to
shape radiation beams to the contours of the tumor, improving dose delivery while sparing
healthy tissue.” Intensity-modulated radiation therapy marked another major step forward by
enabling the modulation of radiation beam intensity across different areas of the treatment field,
allowing for even more precise targeting of tumors and improved sparing of nearby organs at
risk.*7# Stereotactic body radiation therapy delivers very high doses of radiation over a small
number of treatment sessions (hypofractionation), offering high local tumor control for selected
tumors with minimal exposure to surrounding tissues.” Proton therapy represents another
significant advance by taking advantage of the Bragg peak phenomenon, which allows protons to
deposit the majority of their energy at a specific depth, minimizing exit dose and reducing
toxicity to healthy tissues beyond the tumor.* These modern approaches reflect the ongoing goal
in radiation oncology, to maximize tumor control while minimizing damage to healthy tissue.*
Despite these advances, achieving this balance remains a central challenge in the field today.*

Enter FLASH radiotherapy, a promising new approach aimed at overcoming some of the biggest
challenges in radiation therapy, particularly minimizing damage to healthy tissue. FLASH
radiotherapy is defined as irradiation at an ultra-high dose rate of >40 gray (Gy) per second,
where 1 Gy represents 1 joule of radiation energy absorbed per kilogram of tissue.* In
comparison, conventional radiotherapy typically delivers radiation at 1 to 6 Gy per minute,
making FLASH radiotherapy an average of 600 times faster in dose delivery.® When radiation is
delivered this rapidly, a biological phenomenon known as the FLASH effect has been observed.*
This is a differential tissue response in which healthy tissue appears to be spared, while tumor
control is maintained.*!° The earliest observation of this effect dates back over 50 years to a



study by Dewey and Boag, who found decreased radiosensitivity and possible protective effect in
Serratia marcescens bacteria irradiated with high-dose-rate compared to lower-dose-rate X-
rays.!! The first modern preclinical demonstration of FLASH radiotherapy was in 2014 by
Favaudon et al., who treated mice with lung tumors using ultra-high dose rate radiotherapy.!?
This study showed complete tumor control while preventing pneumonitis and fibrosis in FLASH
treated mice, whereas these adverse effects were seen in all mice treated with conventional
radiotherapy. Since then, additional studies on mouse brain, intestine, skin, and limbs, as well as
cat and mini-pig skin have been conducted with favorable outcomes.!31415:1® The mechanisms
behind how the FLASH effect occurs is not fully understood. One leading hypothesis is that
FLASH irradiation rapidly consumes local oxygen, creating transient hypoxia.*® In healthy,
well-oxygenated tissue, this limits the oxygen fixation of DNA damage, meaning there is less
oxygen available to bind to radiation-induced DNA radicals and make permanent DNA
damage.!” As a result, DNA damage is less severe and more repairable, leading to reduced
toxicity.!” However, because solid tumors are often already hypoxic, they may not gain the same
benefit from transient hypoxia.*

In 2019, the first-in-human demonstration of technical feasibility and early clinical safety of
FLASH radiotherapy was performed.” A 75-year-old man with treatment-resistant CD30+
cutaneous T-cell lymphoma and widespread skin involvement was treated with 15 Gy in 90
milliseconds using electron FLASH radiotherapy.® The results were promising as he developed
only grade 1 epithelitis and transient edema, with no high-grade toxicity, while achieving a
complete tumor response, durable for the 6 months follow-up period.” In 2022, the first formal
clinical trial of proton FLASH radiotherapy was published.!® The FAST-01 non-randomized trial
enrolled 10 patients with painful bone metastases in the extremities, delivering 8 Gy in a single
fraction at a nominal dose rate of 60 Gy/s.!® Across 12 treatment sites, no serious adverse events
were reported.!® Only mild side effects occurred, including mild hyperpigmentation and
pruritus.'® Importantly, no fibrosis, vascular changes, or late toxicities were observed.!'
Complete or partial pain relief was reported at 8 of 12 sites, with an overall response rate of
66.7%, comparable to conventional radiotherapy.'®! These early results are exciting for the
prospects of FLASH radiotherapy, demonstrating initial clinical feasibility and short-term
safety.'® However, limitations of this study include small sample size, restriction to extremity
sites, and short follow-up (median 4.8 months). This means long-term safety and safety in
treating tumors near critical organ sites remain unknown. Furthermore, there were no comparator
groups, making it difficult to contextualize the outcomes against those of established
radiotherapy treatments. Importantly, the study utilized proton FLASH radiotherapy without
capitalizing on the Bragg peak, raising the question of whether the FLASH effect alone
outweighs the loss of Bragg peak precision. If technologies can successfully integrate the Bragg
peak into FLASH delivery, it may unlock the full therapeutic potential of proton FLASH
radiotherapy.



Flash forward to today, the mechanism behind the FLASH effect remains complex and not yet
fully understood. Thus, there is a need for further basic science research. Since the FLASH effect
is highly tissue-dependent, further research should prioritize in vivo studies using animal models
or advanced ex-vivo systems like human organoids.?®?*! A key gap in current knowledge is
whether FLASH causes differential DNA damage compared to conventional radiation,
specifically with regards to double-stranded DNA damage.?’?! Investigating molecular markers
like y-H2AX, 53BP1 and Rad51 could provide critical insight into mechanisms of DNA damage
and repair that are unique to FLASH radiotherapy. More large-scale human clinical trials are also
essential for confirming the FLASH effect in patients, establishing the dose thresholds needed
for effective tumor control with minimal side effects, and assessing both acute and long-term
toxicities across different cancer types and treatment sites. Furthermore, it remains unclear
whether fractionation can be effectively integrated into FLASH radiotherapy. A preclinical study
investigating hypofractionated FLASH radiotherapy in glioblastoma-bearing mice has shown
promising results that demonstrate comparable overall survival and tumor control to
conventional radiotherapy.?? However, clinical trials in humans are still needed to confirm
whether the FLASH effect can be preserved across fractionated treatment regimens. Finally,
despite current technological limitations, future comparative studies should aim to standardize
variables such as particle type (electrons, photons, or protons) and field geometry to enable
accurate comparisons. FLASH radiotherapy remains in the very early stages of clinical
development, but it represents a promising frontier in radiation oncology.

Just as Rontgen’s chance discovery of invisible rays in a darkened lab sparked a new era in
medicine, today’s researchers are once again reshaping the landscape of cancer care. As science
continues to push the limits, the future of radiation oncology holds exciting and hopeful
possibilities for safer and more effective therapies.
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