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New frontiers in proton therapy: applications 
in cancers
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Abstract 

Proton therapy offers dominant advantages over photon therapy due to the unique depth‑dose characteristics of 
proton, which can cause a dramatic reduction in normal tissue doses both distal and proximal to the tumor target vol‑
ume. In turn, this feature may allow dose escalation to the tumor target volume while sparing the tumor‑neighboring 
susceptible organs at risk, which has the potential to reduce treatment toxicity and improve local control rate, quality 
of life and survival. Some dosimetric studies in various cancers have demonstrated the advantages over photon 
therapy in dose distributions. Further, it has been observed that proton therapy confers to substantial clinical advan‑
tage over photon therapy in head and neck, breast, hepatocellular, and non‑small cell lung cancers. As such, proton 
therapy is regarded as the standard modality of radiotherapy in many pediatric cancers from the technical point of 
view. However, due to the limited clinical evidence, there have been concerns about the high cost of proton therapy 
from an economic point of view. Considering the treatment expenses for late radiation‑induced toxicities, cost‑effec‑
tive analysis in many studies have shown that proton therapy is the most cost‑effective option for brain, head and 
neck and selected breast cancers. Additional studies are warranted to better unveil the cost‑effective values of proton 
therapy and to develop newer ways for better protection of normal tissues. This review aims at reviewing the recent 
studies on proton therapy to explore its benefits and cost‑effectiveness in cancers. We strongly believe that proton 
therapy will be a common radiotherapy modality for most types of solid cancers in the future.
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Introduction
Research on the role of radiotherapy in the management 
of cancer has been intensified in the last 2 decades [1–3]. 
During the whole course of disease treatment, 60%–70% 
of all cancer patients need to undergo radiotherapy [1], 
mostly with photon therapy, which is delivered with lin-
ear accelerators. As the latest research and application of 
radiotherapeutics, heavy ion therapy especially proton 
therapy is well-known for its multitude of advantages 
over photon therapy due to its physical characteristics, 
known as Bragg peak. Phase II clinical trials on boron 
neutron capture therapy (BNCT), a binary therapeutic 
modality based on the nuclear capture and fission reac-
tions that occur when the stable isotope boron-10 is 

irradiated with neutrons to produce high-energy alpha 
particles and recoiling lithium-7 nuclei, are being carried 
out [4, 5]. With low entrance dose and no exiting dose, 
protons deposit most energy in a certain depth which is 
near the end of the penetration path, known as the Bragg 
peak. Because of the favorable feature, lots of patients 
diagnosed with cancer have been treated with proton 
therapy for the last 30 years worldwide [6].

Initially, proton therapy was used to treat radio-resist-
ant tumors such as chordoma and melanoma. With the 
development of delivery technique, indications were 
gradually expanded to other cancers, such as pediatric, 
head and neck, lung, liver, pancreatic, and prostate can-
cers. Although accompanied with high investment and 
running costs, proton therapy centers have increased 
quickly since the first hospital-based Loma Linda Uni-
versity Proton Therapy Center (Loma Linda city, Cali-
fornia, USA) was established in 1990. Now there are 
~ 70 proton therapy centers worldwide and more than 
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190,000 patients have been treated with proton therapy. 
The existence of these centers enables large cooperative 
clinical trials to be performed; significantly increasing 
the scientific literature on proton therapy during the last 
decade.

In the present article, we review the recent studies on 
proton therapy in order to explore its benefits, value and 
cost-effectiveness in various cancers.

Advantages of proton physical characteristics
As a kind of charged particles, protons can penetrate a 
certain depth in tissues which depends on the energy of 
proton. Proton has physical advantages over photon by 
depositing the majority of its energy at the site of “Bragg 
Peak”, beyond which there is no energy delivered [7]. 
Hence, normal tissues distal to the Bragg peak can be 
protected by avoiding radiation doses. At the same time, 
comparing to the most advanced photon techniques such 
as intensity-modulated radiotherapy (IMRT) [8] and vol-
umetric modulated arc therapy (VMAT), proton therapy 
can deliver similar or higher radiation doses to tumor 
target volumes with a 50%–60% reduction in integral or 
“total body” radiation dose [9]. With the development 
of pencil beam scanning technique, the newest genera-
tion of proton equipment can also perform intensity-
modulated proton therapy (IMPT) which yields highly 
conformal dose distribution around the target volumes 
[10]. Because of these characteristics, proton therapy has 
become the optimal radiotherapy for pediatric cancer 
patients and is being actively studied for various tumor 
types in adults.

Role of proton therapy in cancer treatments
Currently, indications of proton therapy include pediat-
ric, head and neck, lung, liver, pancreatic, and prostate 
cancers [11]. Proton therapy can increase radiotherapeu-
tic ratio. The criteria to choose proton therapy depends 
on whether it delivers a higher dose to targeted volumes 
while avoiding maximum dose constraints to organs at 
risk or similar dose while significantly decreasing the 
irradiated doses to organs at risk. Thus, cancers that are 
close to serial organs at risk are likely to benefit from 
proton therapy. Those include chordoma, nasopharyn-
geal carcinoma, para-nasal sinus cancer, and intracranial 
tumors. On the other hand, cancers that are near paral-
lel organs at risk could also benefit from proton therapy 
because parallel organs at risk are sensitive to the irradi-
ated volumes, which can be reduced dramatically by pro-
ton therapy.

Many dosimetric studies and clinical data have shown 
the advantages of proton therapy over photon therapy. 
Generally, proton therapy is associated with higher 

tumor dose distribution and/or lower toxicities, which is 
discussed, organ by organ, as following.

Head and neck cancers
Radiotherapy is an important treatment modality for 
head and neck cancer. Compared to photon therapy 
which includes the latest technologies such as VMAT 
and IMRT, proton therapy has shown an advantage for 
protecting the brain stem, salivary glands, spinal cord, 
and larynx [8, 9, 12–14].

Several recent dosimetric studies have confirmed the 
dose reduction to normal tissues using proton therapy 
for oropharyngeal carcinoma, compared with IMRT 
[15–17]. In one study, Holliday et  al. [15] reported that 
there were significantly lower doses to the brain stem, 
cerebellum, posterior oral cavity, pharyngeal constric-
tors and the esophagus in proton therapy plans compared 
with IMRT plans using a case-matched control analy-
sis. However, not every head and neck cancer patient 
could benefit from proton therapy due to tumor size and 
the relationship between the tumor and the surround-
ing organs at risk. So, comparative dosimetric planning 
needs to be done for each patient to choose the best tech-
nique to be applied. Jakobi et al. [12] evaluated the dose 
distribution of IMRT compared to IMPT in 45 patients 
with locally advanced head and neck cancer based on a 
Normal Tissue Complication Probability (NTCP) model. 
The analysis of differences in NTCP reduction by IMPT 
demonstrated a higher benefit of proton therapy in 
reducing dysphagia for patients with tumors in the upper 
head and neck area.

Further, the clinical benefit of proton therapy for head 
and neck cancers were recently reviewed by Blanchard 
et  al. [18]. To compare the clinical efficacy and poten-
tial for toxicity reduction of proton therapy with photon 
therapy, a propensity-matched retrospective study on 
164,580 patients with head and neck cancer was per-
formed. It showed that proton therapy (n = 157) was 
associated with an improved 5-year overall survival 
(OS) compared with photon therapy (66.8% vs. 60.0%, 
n = 1400, Hazard ratio [HR], 0.73, P = 0.028), respectively 
[19]. However, proton therapy had a similar 5-year OS to 
IMRT treatment (n = 469), which was 66.8% and 64.0% 
(HR, 0.78, P = 0.14), respectively. More prospective rand-
omized studies are necessary to deepen our understand-
ings on the potential benefits of proton therapy.

As a common head and neck cancer in Southern 
China, nasopharyngeal carcinoma (NPC) is a good indi-
cation of proton therapy because of its special anatomy 
location and close proximity to the eyes and cranial 
nerves [20, 21]. The advantage on dosimetry for proton 
therapy over IMRT is a dramatic volume reduction of 
normal tissue receiving low- to medium-radiation doses 
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[22–24]. Lewis et al. [23] reported his findings on 9 NPC 
patients who were treated with proton therapy and con-
current cisplatin-based chemotherapy. After follow-up 
(median: 24.5  months), their 2-year local control (LC) 
and OS was 100% and 88.9%, respectively. The most com-
mon acute grade 3 toxicity was dermatitis, observed in 4 
patients. No patients had acute grade 4 or 5 toxicities. All 
9 patients developed mucositis, of grade 2 in 8 patients 
and grade 3 in 1 patient. These shows demonstrate good 
clinical evidences of the encouraging outcomes for 
using proton therapy with low adverse event, similar to 
prior reports of IMRT [25]. Further randomized studies 
are needed to fully elucidate the extent of the observed 
advantages of proton therapy on dosimetry translating to 
reduced toxicity and improve survival.

Breast cancer
A meta-analysis showed that adjuvant breast radiation 
therapy after breast-conserving surgery reduces local 
and metastatic relapses and decreases the cancer-specific 
death rate with an absolute benefit of 3.8%, from 25.2% to 
21.4%, after a 15-year follow-up [26]. However, long term 
cardiovascular toxicities and second cancers induced by 
radiation therapy will counteract the benefit on OS [27, 
28].

Compared to IMRT, proton therapy beam scanning 
was found to potentially reduce the mean heart dose 
close to 0–0.5 Gy for left-sided breast cancer [29], which 
makes it possible to cover the internal mammary node 
in the target for breast cancer radiotherapy without a 
significant dose to the heart. Other studies [30, 31] also 
confirmed that proton therapy possessed a better dose 
distribution profile and reduced mean heart dose com-
pared with IMRT. Another advantage of proton therapy 
is that it can dramatically decrease the volume of normal 
tissue receiving low radiation dose, which could also lead 
to a lower incidence of secondary malignancy. Several 
studies [29, 32, 33] on proton therapy for breast cancer 
have demonstrated a reduction of irradiated volumes in 
normal tissue.

Cuaron et  al. [34] respectively analyzed the early tox-
icity data for breast cancer patients treated with postop-
erative proton therapy. Among patients with > 3 months 
of follow-up (n = 28), grade 2 dermatitis occurred in 
20 patients (71.4%), with 8 (28.6%) experiencing moist 
desquamation and 1 (3.6%) with grade 3 reconstruc-
tive complications. To further determine the toxicity 
of proton therapy, an ongoing prospective phase II trial 
(NCT01758445) on patients with stage II/III breast can-
cers has been undertaken, aiming to mainly evaluate its 
related cardio-vascular adverse effects.

Non‑small cell lung cancer (NSCLC)
The dose–effect relationship is well-demonstrated in 
various cancers. A higher dose is related to a higher 
local control of the tumor and better disease-free sur-
vival (DFS) [35]. However, a recent clinical trial (RTOG 
0617 trial) [36] on NSCLC with photon therapy did not 
observe better survival after using a higher dose (74 Gy). 
The main reason was that radiation-induced heart dis-
ease leads to more death in the high-dose arm since the 
mean dose to the heart in this trial was an independent 
prognostic factor for OS.

Compared to photon therapy such as IMRT/VMAT, 
proton therapy for NSCLC could deliver a higher dose to 
target volumes while decreasing dose to organs at risk, 
which makes it possible to attain better local control and 
survival [37, 38].

Criticism of proton therapy for lung cancer comes from 
the uncertainties related to the respiratory movement 
and tissue density which could dramatically affect the 
range of proton. However, Chang et  al. [39] confirmed 
the feasibility of proton therapy for lung cancer using a 
4-dimensional computed tomography (4DCT) to deline-
ate an internal gross tumor volume and expanding a mar-
gin of 5 mm to form planning target volume. No grade 4 
or 5 toxicities were observed in this study after a median 
follow-up of 6.5 months.

Nguyen et  al. [40] reported the long-term results of 
proton therapy in 134 NSCLC patients with a 4.7-year 
median follow-up. The median OS was 30.4  months in 
stage III patients with 1 (0.7%) grade 4 and 16 (11.9%) 
grade 3 toxicities, and similar promising results were 
also reported in other studies [41–44]; in one of which, 
Chang et al. [44] recently published the long-term results 
of their prospective phase II study with a median follow 
up of 27.3 months for all patients and 79.6 months for the 
survivors. The median OS was 26.5 months with a 5-year 
progression-free survival (PFS) of 22%. Local recurrences 
occurred in 16% of patients, whereas distant metastases 
occurred in 48%. There was no acute grade 4 and 5 pneu-
monitis reported. However, acute grade 3 esophagitis 
occurred in 8% of patients. Furthermore, late toxicities 
included grade 3 pneumonitis (16%), grade 4 bronchial 
fistula (2%) and grade 4 esophagitis (2%).

Liao et al. [45] reported that there was no clinical dif-
ference between IMRT and proton therapy for NSCLC 
(passive scattering technique). Thus, further clinical trial 
and optimization of proton therapy technique, particu-
larly IMPT, is still needed.

Hepatocarcinoma
It has been a great challenge to deliver radical dose to 
hepatocellular carcinoma due to radiation-sensitivity of 
liver tissue and loco-regional invasion of the tumor even 
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with IMRT. An important margin has also to be added 
(approximately 1–2 cm) taking into account the mobility 
of abdominal organs in traditional photon radiotherapy. 
A dosimetric study has shown that IMPT could decrease 
the dose delivered to organs at risk compared with 
VMAT [46], allowing the possibility to increase the dose 
given to the tumor without increasing radiation-induced 
hepatic toxicities.

In operable hepatocarcinoma patients, due to their 
underlying poor performance status and associ-
ated comorbidities, they can benefit from local treat-
ments such as stereotactic radiotherapy which can 
yield up to 90% of local control [47]. However, for large 
tumors > 5 cm or specific anatomic situations (i.e. hepatic 
hilum, central tumor) are not eligible for these local 
photon therapies. In these settings, proton therapy has 
proved its ability to deliver higher doses to target vol-
umes without increasing the risk of hepatic toxicities [48, 
49]. A retrospective study [50] on 22 patients with large 
hepatocellular carcinoma (median size: 11  cm, range: 
10–14 cm) treated with proton therapy (72.6 Gy) demon-
strated promising result with a 2-year LC of 87%, 2-year 
OS of 36%, 2-year PFS 24% and no grade 3–5 late tox-
icities. Furthermore, a multi-institutional phaseIIclinical 
trial [51] investigated the efficacy and safety of proton 
therapy for hepatocarcinoma. With a median follow-up 
of 19.5  months, the 2-year LC and OS were 94.8% and 
63.2%, respectively. Four patients (4.8%) experienced at 
least 1 grade-3 radiation-related toxicity, such as fatigue, 
rash, and nausea. There was no grade-4 or grade-5 radia-
tion-related toxicity.

Several studies evaluating the role of proton therapy, 
transarterial chemoembolization (TACE), and radi-
ofrequency ablation for hepatocarcinoma are ongoing. 
Recently, a randomized trial [52] on TACE versus pro-
ton therapy for hepatocarcinoma showed a trend toward 
improved 2-year PFS (31% vs. 48%, P = 0.06) and 2-year 
LC (45% vs. 88%, P = 0.06) favoring proton therapy, 
although the difference was not statistically significant. 
Additionally, there are many ongoing single-arm clinical 
trials on proton therapy for hepatocarcinoma in specific 
clinical setting such as inoperable disease and portal vein 
tumor thrombus. The results of these trials will improve 
the level of evidence for the clinical efficacy of treatment 
using proton therapy in hepatocarcinoma.

Prostate cancer
The role of proton therapy for prostate cancer has been 
controversial. Several dosimetric studies have demon-
strated that proton therapy for prostate cancer could 
lower the mean dose to the rectum and bladder com-
pared to VMAT [53–55]. However, in terms of high dose 
volume, proton did not have obvious advantages over 

photon therapy due to the anatomic location of the rec-
tum and bladder. It was noted that proton therapy only 
treated primary prostate without irradiating regional 
lymph nodes.

Clinically, Takagi et  al. [56] reported the long-term 
outcomes of prostate cancer patients treated with pro-
ton therapy. In total, 99% of the patients received a dose 
of 74 Gy with a median follow-up of 70 months. For the 
low-, intermediate-, high-, and very high-risk groups, the 
5-year failure-free biological recurrence was 99%, 91%, 
86%, and 66%, respectively, and the 5-year cancer-specific 
survival was 100%, 100%, 99%, and 95%, respectively. 
Furthermore, grade 2 or higher late gastrointestinal and 
genitourinary toxicities were 3.9% and 2.0%, which was 
supported by other studies which also found a low rate of 
gastrointestinal toxicity [57]. However, until now, there is 
no high-level evidence-based study to suggest that pro-
ton therapy is superior to photon therapy in regards to 
prostate cancer control and toxicities.

Pediatric cancer
Due to the improved survival of pediatric cancer patients 
over the past 10 years, more attention has been paid on 
decreasing long-term side effects to improve patients’ 
quality of life. It was reported that > 60% of these cancer 
survivors will experience one or more radiation-related 
late toxicities and many of these adverse events would be 
life-threatening [58].

It is well demonstrated that proton therapy can spare 
many normal tissues and reduce the integral dose to 
organs at risk. A meta-analysis [58] with 650 patients in 
23 primary studies showed that proton therapy could 
reduce the radiation dose to normal tissues.

It was found that the outcomes of survival and tumor 
control in proton therapy for treating pediatric patients 
diagnosed with central nervous system cancer were com-
parable to that of photon therapy [59]. The incidence rate 
of severe acute and late toxicities was reduced with the 
use of proton therapy. Furthermore, the severity of endo-
crine, neurological, intelligence quotient and quality of 
life deficits was also decreased. Extensive follow-up is 
necessary to validate the incidences of late toxicities and 
secondary malignancies. To date, evidence on proton 
therapy for pediatric cancer patients supports its clinical 
effectiveness and potential benefits in reducing late tox-
icities in later life. Besides, high-quality clinical research 
in proton therapy is still highly needed [58].

Re‑irradiation
Tumor recurrence is one of the main treatment-failure 
after radiotherapy and is usually unresectable because of 
different factors. In these cases, re-irradiation with pho-
tons is an important therapeutic option. However, due to 
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the organs at risk constraints, a full-dose re-irradiation 
is rarely achievable. Thus, the local control rate is poorer 
compared to a primary tumor irradiation. Proton therapy 
is a highly accurate radiotherapy technique, which is a 
good option for delivering a high dose to target volumes 
to improve local control while sparing the surrounding 
critical normal tissue. Published studies on re-irradiation 
with proton therapy have shown promising results. Phan 
et  al. [60] reported their findings on treating 60 recur-
rent head and neck cancer patients with proton therapy 
(median dose: 66 Gy). After a median follow-up time of 
13.6  months, their observed 1-year locoregional recur-
rence free survival (LRFS), OS, PFS, and DFS were 68.4%, 
83.8%, 60.1%, and 74.9%, respectively. Eighteen patients 
developed acute grade 3 toxicity and 3 patients may have 
died of reirradiation-related toxicities.

A study on the reirradiation of thoracic cancers with 
IMPT [61] demonstrated that IMPT could provide dura-
ble local control with minimal toxicity, with a 1-year 
LRFS and PFS of 84% and 76%, respectively. Despite that 
2 patients developed late grade 3 pulmonary toxicity, 
none had grade 4–5 toxicities.

Cost‑effectiveness analysis
More than 50% of cancer patients were reported to 
undergo radiotherapy during their whole disease treat-
ment [62]. Due to the dosimetric benefits of proton, the 
clinical use of proton therapy for cancers is dramatically 
growing and more than 79 operational facilities world-
wide by 2019 [63]. Currently, proton therapy is being 
used for the radiation therapy of pediatric cancer, head 
and neck, lung, hepatocellular, breast and prostate can-
cer. However, considering cost-effectiveness, the signifi-
cance of proton therapy has been controversial.

A Swedish study [64] evaluated the cost-effectiveness 
of proton therapy and photon therapy for medulloblas-
toma by Markov modeling. Compared to photon ther-
apy, the initial cost of proton therapy was 2.4-fold higher 
($12,364 vs. $5129). However, the costs of adverse effects 
in proton therapy and photon therapy were $5121 and 
$40,967, respectively, rendering the total costs of proton 
therapy and photon therapy being $17,484 and $46,096, 
respectively (2.6-fold decrease for proton therapy). Simi-
lar observations were also observed in other studies [65, 
66]. Therefore, proton therapy was thought to be the 
most cost-effective option for brain tumors [67]. For head 
and neck cancer patients, recent data showed up to 50% 
reduction in the use of gastrostomy feeding tubes with 
proton therapy compared to that with IMRT [68] and 
Markov modeling also showed proton therapy offered 
superior cost-effectiveness.

For locally advanced NSCLC, Lievens et  al. [69] 
demonstrated that proton therapy increased the 

quality-adjusted life-years (QALYs) gained by 0.549 and 
0.452 compared with 3-dimensional conformal radio-
therapy (3DCRT) and IMRT, which means that those 
patients had cost-effectiveness benefits. However, in 
inoperable stage I NSCLC, stereotactic body radiother-
apy (SBRT) was identified as the cheapest at $4501 com-
pared with 3DCRT and proton therapy for $9862 and 
$19,469, respectively. So, cost-effectiveness benefits are 
low in this setting [67].

In left-sided breast cancer, there is a good indication 
for the use of proton therapy because proton therapy 
could deliver lower dose to heart and decrease the risk 
of cardiovascular disease. For those patients, initial 
radiotherapy costs were $13,610 for proton therapy and 
$6051 for whole breast photon therapy [70]. Consider-
ing that cardiac disease average cost ($80,596 in whole 
breast photon therapy vs. $41,491 in proton ther-
apy), proton therapy were favorable for appropriately 
selected patients with left-sided cancers at high-risk of 
cardiac toxicity compared with whole-breast photon 
therapy.

Conclusion
Proton therapy has dosimetric advantages over photon 
therapy of superior normal tissue sparing, particularly 
in the low to moderate dose range, which makes it pos-
sible to achieve higher tumoricidal dose. Furthermore, 
IMPT offers a crucial capability to balance normal tis-
sue and tumor doses. In the past decades, despite the 
fact that 190,000 patients have been treated with pro-
ton therapy, which offers superior cost-effectiveness in 
medulloblastoma, head and neck cancer and left-sided 
breast cancer, further research is still necessary to 
demonstrate the potential of proton therapy in other 
cancers.
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