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ABSTRACT

Pulsed low dose-rate radiotherapy (PLDR) is a novel radiotherapy 
technique for cancer treatments, which relies on two radiobiological 
findings, the hyper-radiosensitivity of tumor cells at small doses and 
the reduced normal tissue toxicity at low dose rates. PLDR delivers the 
daily radiation dose in a number of sub-fractions (pulses) with a preset 
time interval to achieve an effective low dose rate. PLDR can be delivered 
on existing clinical machines using different treatment optimization 
strategies and delivery techniques. Clinical trials have been carried out to 
study the application of PLDR for various cancers especially for recurrent 
cancers. Preliminary results from these clinical studies have shown 
favorable outcome. This paper briefly describes the PLDR technique, the 
planning requirements and its clinical applications in cancer treatment. 
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Hyper-radiosensitivity; Tumor control; Normal tissue toxicity; Pulsed 
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INTRODUCTION
There have been tremendous advancements in radiation therapy (RT) 
in the last several decades especially with the development of computer 
controlled linear accelerators and multi-leaf collimators (MLC), treatment 
planning systems and optimization techniques, and various imaging 
modalities and treatment targeting/guidance techniques. This is marked 
by the superior dose distributions and dosimetry accuracy available with 
many advanced treatment machines, which have resulted in improved 
tumor control through target dose escalation and better quality of life 
due to reduced normal tissue toxicities and treatment time/complexities.

Advanced RT equipment and treatment techniques have been employed 
to explore various dose and fractionation schemes. Intensity modulated 
radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT) 
have provided superior dose distributions to allow for dose escalation 
and hypofractionation trials, which require better radiobiological 
understanding. For example, the prescription dose to the target and the 
dosimetric constraints for the critical structures have been a major concern 
in the design of clinical trials for stereotactic body radiation therapy 
(SBRT), which delivers a few treatment fractions of very large doses [1-
4]. Proton and carbon ion therapy has also garnered more interests both 
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in the US and worldwide [5]. Recent developments of pulsed 
low-dose rate radiotherapy (PLDR) [6-10] and flash therapy 
[11-13] are also good examples of RT advancements based 
on better radiobiological understanding and/or novel RT 
equipment and techniques.

PLDR is a novel external beam RT delivery technique. The 
idea behind the PLDR technique is to take advantage of 
both the hyper-radiosensitivity of tumor cells below their 
transition doses, which are generally greater than those of 
normal tissues, and the increased normal tissue repair at 
low dose rates [6,9]. The way to achieve this is to divide a 
daily radiotherapy treatment into a number of subfractions 
(pulses) with each subfractional dose less than the tumor 
transition dose but greater than the normal tissue transition 
dose so that the radiation repair is triggered in normal 
tissues but not in tumor cells. The radiation pulses are 
delivered at certain intervals to achieve an effective low dose 
rate to maximize the normal tissue repair process. 

PLDR treatment was initiated with simple treatment 
techniques using single field electron beams or 3D 
conformal photon beams [6-8]. Advanced delivery systems 
and treatment planning optimization strategies were 
developed to support re-irradiation protocols [10,14-20]. A 
number of clinical trials have been carried out to study the 
potential of PLDR treatments for recurrent cancers, bulky 
and/or radiation resistant cancers and the combination of 
PLDR with other treatment modalities, e.g. chemotherapy 
[7,8,20-27]. Preliminary clinical results of PLDR have shown 
favorable disease control and acceptable normal tissue 
toxicities for many recurrent cancers. 

This paper will briefly describe the PLDR technique and 
the dosimetric requirements for PLDR treatment planning 
and advanced beam delivery techniques such as IMRT and 
VMAT. The clinical applications of the PLDR technique for 
cancer treatment will be reviewed based on the treatment 
site including brain, head and neck, breast, thorax and pelvis.

THE PLDR TECHNIQUE

Low-dose hyper-radiosensitivity (LDHRS) has been found 
in many cell lines of both tumor and some normal tissues, 
as well as in human metastatic tumors [28-36]. LDHRS was 
not observed in the intrinsically radiosensitive cell lines, 
whereas radioresistant cell lines demonstrated the most 
marked LDHRS [37,38]. A possible explanation for LDHRS 
is the lack of DNA repair below a given threshold dose 
(transition dose), which is cell-type dependent and has 
been typically observed in the dose range of 0.2 Gy to 0.6 Gy 

[28-42]. In contrary to normal tissue sparing due to repair 
of sublethal DNA damage during low dose-rate irradiation, 
increased radiosensitivity of tumor cells was observed when 
the dose-rate was decreased. This so-called inverse dose-
rate effect [28-30] can be observed at dose-rates below 1 
Gy/h in cells showing LDHRS [43-45]. 

The dose rate effect in radiobiology and radiation therapy 
has been investigated extensively but the mechanisms of 
radiation damage repair for mammalian cells are still not 
fully understood at the molecular level [46,47]. The dose 
rate effect on DNA repair is most dramatic between 0.01 and 
1 Gy/min [47]. Generally, increased DNA repair will occur 
over a prolonged treatment time for either single-strand 
or double-strand breaks, resulting in a lower biologically 
effective dose (BED). At doses above the transition dose [48], 
which is generally lower for normal tissues than for tumor 
cells, increased DNA repair will compromise tumor control 
and further reduce normal tissue damage. Moreover, slowly 
proliferating normal tissues may be relatively insensitive 
to low-dose rate irradiation as more sub-lethal damage is 
repaired prior to cell division than in malignant cells during 
a protracted treatment session.

Although low-dose-rate external beam radiotherapy 
(EBRT) was explored many years ago on earlier machines 
with low dose rates [49-52] the PLDR technique is a novel 
delivery technique, which can be delivered using commonly 
available clinical accelerators using both simple delivery 
techniques such as 2D conventional and 3D conformal 
therapy (3DCRT) or advanced techniques such as intensity-
modulated radiation therapy (IMRT) and volumetric-
modulated radiotherapy (VMAT). In order to take advantage 
of both the low-dose hyper-radiosensitivity for tumors and 
the increased normal tissue repair at low dose rates, PLDR 
is designed to deliver the total daily dose in sub-fractions 
(pulses) of small doses within a limited time frame to achieve 
an effective low dose rate. For example, a daily dose of 2Gy 
can be delivered in 10 sub-fractions (i.e., pulses) with 3min 
time internals, resulting in an effective dose rate of 0.067Gy/
min. A theoretical analysis of the tumor control probability 
(TCP) for PLDR with a pulsed dose scheme was presented by 
Tome and Howard [6]. Clearly the daily dose of PLDR can be 
varied for different treatment intent (curative or palliation) 
or in combination with other therapies (chemotherapy 
or immunotherapy), e.g. 1.8Gy/day in either 9 or 10 sub-
fractions, or two treatments per day at 1.2Gy per treatment 
with 6 sub-fractions. 
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Caution must be exercised with the initial introduction of this 
technique to each body site since not all tumor cells exhibit 
HRS whereas some normal tissue cells also show increased 
response to low doses. Fundamentally, it is the improvement 
in the therapeutic ratio, not just HRS that makes the PLDR 
technique a treatment modality of choice for many cancers 
[9]. The rich in-vitro and in-vivo experimental results 
have laid a strong radiobiological foundation for the PLDR 
technique, which has also been used to guide pilot studies 
to find optimal doses, dose rates and fractionation schemes 
for particular body sites. A clear advantage of the PLDR 
technique over conventional radiotherapy is the reduced 
normal tissue damage at lower dose rates, which has offered 
hope for some recurrent patients with potential severe and/
or life threatening symptoms, who have been otherwise 
considered unsuitable for re-irradiation treatments with 
conventional radiotherapy. The fact that many radioresistant 
tumor cells exhibit higher RHS/IRR ratios at lower doses 
and dose rates also suggests that the PLDR technique may 
be a better choice than conventional radiotherapy for some 
recurrent cancers because of the possible existence of such 
radioresistant tumor cells. Radiation therapy has experienced 
the greatest change in the last several decades because 
of the technological advancements. The improvement in 
radiobiological understanding has for a long time lagged 
behind the technological development but it is expected to 
play a more significant role in the further advancement of 
radiotherapy for both curative and palliative care.

It is interesting to mention that PLDR was also termed 
“pulsed reduced dose-rate radiotherapy (PRDR)” in other 
publications [6-9]. The argument to use “reduced dose rate” 
rather than “low dose rate” was to avoid confusion with the 
traditional dose rate definition in brachytherapy [9]. For 
example, ICRU report 38 “Dose and Volume Specifications 
for Reporting Intracavitary Therapy in Gynecology” defined 
low dose rate (LDR): 0.4 – 2 Gy/hour, medium dose rate 
(MDR): 2 – 12 Gy/hour, and high dose rate (HDR): 12 Gy/
hour and higher [53]. However, the historical development 
of EBRT did not follow the same dose rate definition as in 
brachytherapy. For example, traditional linac-based EBRT 
uses dose rates similar to or higher than that of HDR but 
has never referred it to “high dose rate” radiotherapy. In 
a 1991 paper by Hall and Brenner, the range of “low dose 
rate” was defined as 0.1 – 10 Gy/hour for radiotherapy and 
radiobiology [31]. Pierquin B, et al. and others were first 
referred to pioneers of PRDR by Tome and Howard [6] even 
though all of these original authors actually used the term 
“low dose rate” RT in their studies [49-52]. The term PLDR 

was first used by Ma CM, et al. [10], in which the dosimetric 
requirements for delivering pulsed VMAT were discussed in 
detail. It was considered to be more definitive and descriptive 
to use PLDR than PRDR because “reduced dose rate” does not 
indicate the actual dose-rate range achievable by this special 
delivery technique. More studies focusing on the strategy 
for PLDR treatment planning and dose constraints for PLDR 
plan optimization following the same methodology were 
reported [15-18]. Many in vitro and in vivo experiments 
on PLDR were reported to investigate the therapeutic ratio 
and mechanisms of PLDR, and most of them used the same 
terminology [54-65]. For the same reason, the term PLDR 
is used in this paper instead of PRDR although both terms 
were included in the keywords for the literature research of 
clinical studies of this treatment technique.

PLDR DOSIMETRY REQUIREMENTS

A PLDR treatment can be easily delivered on regular clinical 
accelerators using conventional techniques such as single-
field irradiation and 3D conformal radiotherapy (3DCRT). 
Early clinical trials for recurrent glioma cancer [7] and 
breast cancer [8] employed high-energy photon and electron 
beams from conventional clinical accelerators. Both the dose 
and dose rate constraints for PLDR are achievable with a 
single-field photon or electron beam [6]. One can divide the 
total MUs for the daily 2Gy treatment by 10 sub-fractions 
with a 3- minute interval (using a stopwatch). The maximum 
dose difference within the target volume for a single-beam 
irradiation is typically less than 30% from the prescription 
dose (to the centroid of the target volume) mainly due to 
beam attenuation along the depth direction and electron 
scattering at air/tissue/bone interfaces, which is unlikely 
to exceed the transition dose for most tumor tissues (e.g., 
0.5Gy). For 3DCRT, one can arrange the beam weights in 
such a way that the total MUs can be divided into 10 sub-
fractions of 0.2Gy each so that the 3 min time interval can be 
kept between the sub-fractions for the same radiation field/
port or among different fields/ports. 

IMRT techniques were explored for PLDR delivery with 
difficulties [66,67] especially if the entire IMRT plan was 
delivered within the 3-min interval [14]. The group at Fox 
Chase Cancer Center published a series of papers reporting 
on their methods to deliver PLDR using IMRT and VMAT 
techniques. Ma CM, et al [68] summarized treatment planning 
strategies/guidelines for IMRT and VMAT as follows: (1) 
to use 10 beam angles for IMRT and 10 arcs for VMAT (2-
arc plan to be delivered 5 times) with each angle/arc as a 
pulse; (2) to set the mean dose (0.2Gy) and maximum dose 
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(0.4Gy) to the target per pulse as hard constraints (no hard 
constraints to the OAR to reduce intensity modulation inside 
the target volume); (3) to select optimal beam/arc angles to 
avoid OARs as much as possible; and (4) to add reference 
structures in or around target/OARs to reduce maximum 
dose to the target and OARs. IMRT, VMAT and 3DCRT plans 
were compared for 60 patients to demonstrate the feasibility 
of IMRT and VMAT for PLDR treatment with superior target 
dose conformity and critical structure sparing.

CLINICAL INVESTIGATIONS

Local tumor progression after prior radiation therapy 
represents a significant therapeutic challenge due to the 
appropriate concern of unacceptable toxicity to surrounding 
normal tissues with additional radiation. PLDR is an 
irradiation strategy that may overcome the limitations of 
conventional radiation therapy in the setting of large volume 
recurrent tumors and provides a similar, if not better, level of 
tumor control when compared to existing treatment options. 
This section briefly describes the clinical applications of 
PLDR for treating recurrent cancers and for other clinical 
potentials.

PRDR for brain cancer

The first PLDR treatment was reported by Cannon et al for 
treating recurrent glioma [69] following the dosimetric 
analysis by Tome and Howard [6]. The patient was initially 
diagnosed with a Grade II astrocytoma and underwent 
partial resection followed by RT (54 Gy, 1.8 Gy/fraction). 
Three years later, the disease progressed and transformed to 
a Grade IV astrocytoma. The patient was treated with a near 
total resection and chemotherapy with minimal response. 
Then, he was offered PLDR 3DCRT treatment (50 Gy, 2.0 Gy/
fraction, effective dose rate 0.0667 Gy/min). Post treatment 
MRI demonstrated regression of nodular enhancement and 
improvement in mass effect and the patient’s weakness and 
seizure activity improved. Despite delivering 104 Gy to the 
tumor bed and the surrounding brain parenchyma, at no 
time was there radiographic evidence of radiation-induced 
normal tissue necrosis. Adkison JB, et al. [7] presented a 
large retrospective review of PRDR for recurrent glioma 
patients at the same center. PLDR was delivered using the 
same regimen to a median dose of 50Gy (range, 20–60 Gy) in 
1.8–2.0 Gy/fraction. The mean treatment volume was 403.5 
± 189.4 cm3 according to T2-weighted magnetic resonance 
imaging and a 2-cm margin. Their results showed that PLDR 
allowed for safe retreatment of larger tumor volumes to high 
doses (average cumulative dose 106.8 Gy) with palliative 
benefit. Patients who received PLDR within 14 months of the 

first irradiation (n = 43) had a median survival of 21 weeks. 
Those treated ≥14 months after the first RT treatment had 
a median survival of 28 weeks (n = 43; p = 0.004 and HR= 
1.82 with a 95% CI ranging from 1.25 to 3.10). According to 
initial histologic findings, median survival since diagnosis 
and retreatment was 6.3 years and 11.4 months for low-
grade, 4.1 years and 5.6 months for Grade 3, and 1.6 years 
and 5.1 months for Grade 4 tumors, respectively. Age at the 
initial diagnosis, initial low-grade disease, and Karnofsky 
performance score of ≥80 were shown to be significant 
predictors of survival after the initiation of PLDR. Previous 
therapies such as gross vs. subtotal initial resection and 
systemic therapies (including temozolomide for Grade 4 
patients) did not influence survival after PLDR. 

The same institution also investigated the clinical potential 
of PLDR for various re-treatment scenarios. Mohindra et al 
[21] reported five pediatric and young adult patients with 
recurrent ependymoma including eight PLDR treatments for 
two intracranial sites and six spinal locations at a median 
re-irradiation dose of 40 Gy (range: 30.6-54 Gy). The 
cumulative radiation doses per site ranged from 90Gy-162.4 
Gy with median volume of 882 cm3 encompassed by the 50% 
isodose line. At a median post-PLDR follow-up of 64 months, 
estimated 4-year overall survival and progression-free 
survival after PLDR was 60% and 35.7%, respectively. None 
of the 5 patients developed necrosis on serial MRI scans, 
and only one patient had progressive mild radiculopathy. 
Magnuson et al [22] evaluated PLDR re-irradiation as salvage 
therapy for 23 recurrent GBM patients (after standard 
radiotherapy/temozolomide) treated with bevacizumab 
(10 mg/kg) every 2 weeks until progression (median age 53 
years; median KPS 80; median progression free survival on 
bevacizumab 3.7 months). Within 7–14 days of progression 
on bevacizumab, patients were treated with PLDR to a 
dose of 54 Gy in 27 fractions to a median PTV of 424 cm3 
along with 2 cycles of concurrent bevacizumab to prevent 
radiation necrosis. The median overall survival and 6-month 
overall survival after bevacizumab failure was 6.9 months 
and 65%, respectively. PLDR re-treatment was well tolerated 
with no symptomatic grade 3–4 toxicities. They concluded 
that PLDR may present an excellent treatment option for 
large recurrent tumors that are not amenable to SRS/SBRT. 
Witt JS, et al [26] conducted a retrospective study on PLDR 
re-treatment of recurrent meningioma. Eight patients with 
recurrent intracranial meningioma were included in this 
study. Median time between radiation courses was 7.7 years. 
Median PLDR dose was 54 Gy in 27 fractions to a median 
target volume of 261.6 cm3. Two patients had in field failure 
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with a median follow up of 23.3 months. Progression-free 
survival at 6 months was 100%. Seven patients were still 
alive at last follow up. No patient experienced grade 2 or 
higher acute or late toxicities.

PLDR re-irradiation has been performed by other clinical 
investigators. Li GH, et al. [70] reported a case study to treat 
a metastatic lesion in the left occipital lobe for a patient with 
NSCLC. After initial chemoradiotherapy to the left inferior 
lung and mediastinal lymph nodes for stage T2N3M0 
squamous cell carcinoma, the patient received 40 Gy WBRT 
for multiple metastatic brain lesions with a 20 Gy boost 
to a left occipital metastatic site, and later salvage SRS of 
another 14 Gy in 4 fractions due to persistence of this lesion. 
Following subsequent recurrence, he received additional SRS 
of 28 Gy in 8 fractions with concurrent nimustine (ACNU). 
After the third recurrence, the patient refused surgery and 
was treated with 3DCRT PLDR of 60 Gy in 30 fractions of 2.0 
Gy. The patient had resolution of headache, vomiting and 
dizziness and continued to live independently with intact 
cognitive function following PLDR re-treatment. Despite 
a total of 162 Gy to the left occipital lobe metastasis, the 
patient had no apparent acute or late neurologic toxicities. 

Other investigators have evaluated PLDR re-treatment 
for recurrent brain tumors through a retrospective study. 
Murphy ES, et al. [19] reviewed outcomes and toxicities of 
24 patients with recurrent CNS tumors mostly treated with 
7-field IMRT to a median prescription dose of 54 Gy to a 
mean PTV of 369 cm3. As discussed previously, no control 
of the maximum dose per field was considered and the time 
interval was arranged individually for patients to achieve a 
0.067 Gy/min effective dose rate. The median progression-
free survival and 6-month progression-free survival after 
PLDR was 3.1 months and 31%, respectively. The median 
overall survival and 6-month overall survival after PLDR was 
8.7 months and 71%, respectively. Fifty percent of patients 
had ≥4 chemotherapy regimens before the re-treatment. 
Toxicity was similar to initial treatment, including no cases 
of radiation necrosis. 

A more recent PLDR re-treatment respective study was 
reported by Bovi JA, et al. [71] who investigated whether 
the addition of PLDR to bevacizumab improves survival 
over bevacizumab alone for recurrent high-grade glioma. In 
this study; 47 patients received bevacizumab monotherapy, 
and 33 patients received PLDR with bevacizumab. No 
details were given of the treatment techniques for the 
PLDR treatment. The total PLDR prescribed dose was 50 
to 54 Gy (in 2 Gy/fraction with 10 pulsed doses of 0.2 Gy 

every 3 minutes for an effective dose rate of 0.067 Gy/min). 
Their results showed that significant (P <.05) advantages 
in progression-free survival (12 vs 4 months; hazard ratio 
= 2.37) and overall survival (16 vs. 9 months; hazard ratio 
= 1.68) were observed with PLDR/bevacizumab compared 
with bevacizumab alone. They suggested further exploration 
of appropriate patient selection, optimal delivery technique, 
benefits of concurrent systemic therapies, and possible 
PLDR-related toxicities.

PRDR for head and neck cancer

A case report was presented by Li GH, et al. [72] on PLDR 
re-treatment for a 56-year male with recurrent poorly 
differentiated squamous cell carcinoma of the nasopharynx 
metastatic to a cervical lymph node. After an initial diagnosis 
of T2N2M0 tumor, the patient received 70 Gy in 2Gy/fraction 
to the gross tumor volume and a metastatic lymph node, and 
≥50 Gy to the bilateral cervical lymphatics. Five years later, 
he received an additional 60 Gy in 2Gy/fraction followed by 
surgical dissection for recurrent metastatic lymph nodes 
in the neck. This was followed by adjuvant chemotherapy 
with paclitaxel and cisplatin. A second recurrence resistant 
to cisplatin/fluorouracil and cisplatin/paclitaxel systemic 
treatments was discovered a year later, and was treated 
with PLDR 3DCRT (70 Gy in 2 Gy/fraction) and concurrent 
cetuximab. In total, the patient received up to 190 Gy to the 
recurrence region. The recurrent lesion of this patient had 
a complete response with no apparent radiation-induced 
normal tissue complications (the patient only experienced 
Grade 1 acute skin toxicity).

Tong X, et al. [73] reported their initial PLDR re-irradiation 
experience of 13 patients with recurrent cancers. Among 
them, 4 patients were treated for recurrent head and 
neck cancers including one thyroid and 3 neck nodes. The 
patients received 60 – 66 Gy in their previous treatments 
and the recurrent tumors were treated to 16 – 60 Gy, all 
in 2 Gy/fraction. Multiple-field 3DCRT was used with an 
effective dose rate of 0.067 Gy/min. The interval between 
the previous RT and re-irradiation was 13 - 336 months, 
and the follow-up time was up to 27 months. Their results 
showed favorable response to the PLDR re-treatment with 1 
complete response (CR) and 3 partial responses (PR). Acute 
toxicities included 2 xerostomia (grade 1) and 2 mucositis 
(grade 2). Late toxicities included 1 skin fibrosis (grade 2), 2 
skin fibrosis (grade 3), 3 hyperpigmentation (grade 2) and 3 
xerostomia (grade 1).
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PLDR for breast cancer

PRDR has shown favorable outcome for recurrent breast 
cancer as reported by Richards GM, et al. [8]. This early 
PLDR trial included 17 patients, who previously received 
postmastectomy radiation treatment with a median prior 
dose of 60 Gy. All patients were treated using conventional 
conformal techniques to a median dose of 54 Gy in 2 Gy/
fraction. The treatment sites included the chest well, axilla 
and/or supraclavicular region and the median treatment 
volume was 2,084 cm3. Eight patients received concurrent 
chemotherapy. Post PLDR results showed that 15 patients 
had complete resolution of the loco-regional recurrence 
with an estimated 2-y local control rate of 92% at a median 
follow-up of 18 months and a 23% grade 3 acute skin 
toxicity. Only two patients developed Grade 3 and Grade 4 
non-healing chest wall ulcers and none of the patients, who 
received treatment to the axilla and/or supraclavicular area, 
experienced brachial plexopathy. 

A follow-up review was performed by Burr AR, et al. [27] 
that also included 26 additional patients treated with PLDR 
using both conventional conformal techniques and step-and-
shoot IMRT between 2000 and 2018. The complete response 
rate was 83.3% in 24 treated patients with gross disease. 
Locoregional recurrence-free survival was 81.3% and 73.8% 
for all patients at 1 and 2 years, respectively. Overall survival 
for patients with localized disease was 95.7% at 1 year 
and 91.1% at 2 years. The rate of acute grade 3 radiation 
dermatitis was 25.6% with no other acute grade 3 toxicities. 
Grade 3 late toxicity occurred in 18.6% of patients. They 
concluded that PLDR with capecitabine was a well-tolerated 
and effective method for treating patients with recurrent 
breast cancer. Prospective studies are necessary to compare 
side effects and efficacy with conventional dose rate re-
irradiation and to evaluate the potential role for capecitabine 
in the recurrent setting. 

PLDR for thoracic cancer

The Fox Chase group was the first to investigate advanced 
delivery techniques systematically for PLDR treatment of 
recurrent cancers to further reduce normal tissue toxicities 
[10,15-17]. These delivery techniques were used in their 
phase I dose escalation trial to investigate PLDR irradiation 
for palliation of recurrent tumors [74]. Meyer JE, et al. [75] 
reported the outcome of 16 patients enrolled between 2011 
and 2015. Five patients received 40 Gy, three received 50 
Gy and 8 received 60 Gy in 2 Gy/fraction. No DLTs were 
recorded. Median follow-up was 10.2 months (range: 1.8-
40). Disease assessment was performed in 15 patients. Best 

response was 1 complete response (7%), 2 partial response 
(13%) and 6 stable disease (40%). Median progression-
free survival (PFS) was 4.4 months (95% CI: 2.1-11.6). The 
first site of progression was outside the treated region in all 
patients. Overall survival (OS) was 14.3 months (95% CI: 
6.7-undefined).

A follow-up study was presented by Lee CT, et al. [23] on 
the efficacy and toxicity of PLDR re-treatment for recurrent 
cancers. This study evaluated 39 patients treated with PLDR 
re-irradiation from 2009 to 2016 at the same institution. 
These patients had a median follow-up time of 8.8 months 
(range 0.5-64.7). The median interval from the first radiation 
course and re-irradiation was 26.2 months; the median dose 
of the first and second course of radiation was 50.4 Gy and 
50 Gy, respectively. Five patients (13%) received concurrent 
systemic therapy. Of the 39 patients, 9 (23%) developed 
grade ≥2 acute toxicity, most commonly radiation dermatitis 
(5 of 9). None developed grade ≥4 acute or subacute toxicity. 
The only grade ≥2 late toxicity was late skin toxicity in 1 
patient. On univariate analysis, toxicity was not significantly 
associated with the dose of the first course of radiation 
or re-irradiation, the interval to re-irradiation, or the re-
irradiation site. The local progression rate was 16.5% at 
6 months and 23.8% at 12 months. Of the 41 disease sites 
for the 39 patients, 25 (61%) were in the thoracic region 
including non-small cell lung and esophagus. For these 
thoracic patients 12 developed grade 1, 4 developed grade 2 
and 4 developed grade 3 acute toxicities, and only 1 patient 
developed grade 1 late toxicity. 

In the Tong X, et al. [73] PLDR study, 6 patients were treated 
with 3DCRT for recurrent primary lung or metastases. The 
prescription dose from the previous treatment ranged from 
40 to 60 Gy and the prescription dose for the PLDR re-
treatment ranged from 30 to 60 Gy. Good local control was 
achieved with 1 complete response and 5 partial responses. 
No acute toxicities were observed and only one patient 
developed grade 2 radiation pneumonitis.

PLDR for pelvic cancers

Paly J, et al [76] investigated pelvic PLDR re-irradiation 
using 3DCRT, IMRT and VMAT delivery techniques. They 
retrospectively analyzed a cohort of 38 patients treated 
at a single institution between June 2010 and July 2019. 
Median follow-up was 10.4 months (range: 1.3 to 86.6mo). 
The tumor re-irradiation target site was 45% prostate, 21% 
rectal, 13% bladder, 8% gynecologic cancers, and 18% other. 
The median prior overlapping dose was 60 Gy EQD2 (range: 
35 to 80 Gy) for 31 external beam radiation patients with 
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known initial fractionation. Four patients received initial 
LDR prostate brachytherapy (115 to 145 Gy). Initial RT 
was delivered at a median of 6.2 years (range: 1.0 to 23.9 
y) before pelvic PLDR-RT. Overall, 37% of patients received
concurrent systemic therapy with PLDR re-treatment. 
Twenty-three patients were treated with definitive intent to 
a median re-irradiation PLDR-RT dose of 60 Gy (range: 50 
to 76 Gy). The one-year Kaplan-Meier local progression-free 
proportion based on clinical, biochemical, or radiographic 
response was 59% and 6 of 23 patients had no evidence of 
disease at their last follow-up. Among the 12 patients with 
available follow-up imaging, the best local tumor response 
showed complete response in 8%, partial response in 42%, 
stable disease in 25%, and progressive disease in 25%. 
Fifteen patients were treated palliatively with a median re-
irradiation PLDR-RT dose of 40 Gy (range: 28 to 60 Gy). The 
one-year Kaplan-Meier local progression-free proportion 
based on clinical or radiographic response was 61%. When 
available (15 patients), the best local tumor response on 
follow-up imaging showed a partial response in 33%, stable 
disease in 53%, and progressive disease in 13%. Acute skin/
soft tissue grade 1 and 2 toxicity occurred in 5.3% and 5.3% 
of patients, respectively. Late skin/soft tissue grade 2 toxicity 
occurred in 2.6% of patients. Acute GU grade 1 and 2 toxicity 
occurred in 7.9% and 21.1% of patients, respectively. Late 
GU grade 1, 2, and 3 toxicity occurred in 13.2%, 10.5%, and 
5.3% of patients, respectively. Acute GI grade 1 and 2 toxicity 
occurred in 7.9% and 7.9% of patients, respectively. Late GI 
grade 1, 2, and 3 toxicity occurred in 13.2%, 5.3%, and 2.6% 
of patients, respectively. A sensitivity analysis evaluating 
late toxicity in patients with >12 months of follow-up 
demonstrated similar results. They concluded that PLDR and 
infrequent concurrent chemotherapy provided local control 
for the majority of patients for whom few if any, other options 
for local treatment existed. PLDR represents a viable option 
for patients in whom re-irradiation is otherwise high risk.

PLDR for other clinical applications

It is expected that PLDR will have other oncology 
applications besides the re-irradiation setting for recurrent 
cancers because of its potential local control and reduced 
normal tissue toxicity. In a recent retrospective study, Yan 
J, et al. [24] evaluated PLDR treatment of 22 patients with 
refractory malignancies. All patients previously received 
multiline treatments and failed with an estimated survival 
less than 6 months. Thus, palliative PLDR was given using 
conventional delivery techniques as described in reference 
[8]. Doses delivered by PLDR were between 48-60 Gy. Nine 

patients underwent PLDR for re-irradiation with cumulative 
doses between 104-166 Gy. The time interval from their last 
irradiation was 11 to 168 months. Ten patients received PLDR 
due to poor performance status. Three patients were given 
PLDR for bulky tumor. The irradiated sites included primary 
disease (seven patients), locally recurrent disease (nine 
patients), and retroperitoneal adenopathy (six patients). The 
median follow-up was 1 year (range 8-30 months). Overall, 
the 1-y local-regional control rate was 40%. The 6-month 
survival rate was 76% and 1-y survival rate was 69%. For 
patients treated with PLDR re-irradiation, three patients 
(3/9) achieved partial remission and five patients (5/9) 
remained with stable disease at 1 month after the end of 
PLDR. A head and neck cancer patient remained progression-
free until the last follow-up, the LRRFS lasted for 16 months. 
A lung patient achieved complete response (CR) at 4 months 
after the PLDR, and the LRRFS lasted for 10 months. For 
patients treated with PLDR due to poor performance status, 
two patients (2/10) achieved partial remission 1 month 
after the PLDR. For the three patients given PLDR for bulky 
tumor, all of them achieved partial remission 1 month after 
the PLDR, and one patient achieved complete response at 
the fourth month. Overall, only 5 patients developed grade 
3 or 4 toxicities (3 grade 3 bone marrow suppression, 1 
grade 4 bone marrow suppression, and 1 grade 3 enteritis). 
No grade 5 toxicities occurred. All patients with toxicities 
recovered after treatments. They concluded that PLDR is an 
effective and safe option not only for re-irradiation but also 
for patients with poor performance status or bulky tumors.

More recent clinical trials at Fox Chase Cancer Center 
have extended to combination therapies of PLDR and 
chemotherapy for definitive treatment. A phase I study [77] 
investigates the role of PLDR for naive patients with non-
small cell lung cancer or esophageal cancer whose planned 
treatment regimen is concurrent chemoradiotherapy 
followed by surgery. The total radiation dose is 50.4 Gy in 
daily fractions of 1.8 Gy for esophageal cancer and 60 Gy 
in daily fractions of 2 Gy for non-small cell lung cancer. 
For these patients, the rate of severe acute esophagitis 
during concurrent CRT is high (approximately 20%) when 
conventional external beam radiation is utilized. Severe 
acute esophagitis can cause many adverse consequences 
such as severe discomfort, weight loss, hospitalization, 
interruption/early termination of treatment, and worse 
surgical complications for those who receive surgery after 
chemoradiotherapy. PLDR radiation has the potential to 
maintain the tumor control rates of conventional radiation 
while decreasing the toxicity to the surrounding normal 
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tissue. Preliminary results of this clinical study have been 
reported by Price RA, et al. [78]. Data for 9 patients treated 
for esophageal cancer were evaluated based on the response 
of PET-defined tumor to PLDR radiotherapy to patients 
treated with conventional delivery using pre (scan-1) and 
post-treatment (scan-2) PET-CT scans. The mean pre to post-
treatment percent volume reduction was 90.3% for PLDR 
and 74.7% for conventional delivery (p=0.022). Volume 
reduction was also greater in node negative (p=0.037) 
and younger patients (p=0.065). The CR rate of PLDR was 
33.3% vs. 16.7% for conventional delivery (p=0.203). The 
average normalized mean SUV decrease from scan-1 to 2 
for pre-treatment volumes was greater for PLDR delivery 
by approximately 22.8% (ns). This parameter for the post-
treatment volume was greater for PLDR delivery by 6.8% 
(ns). These favorable results are indications suggestive of 
treatment effectiveness with PLDR.

Another phase I trial [79] investigates the safety and efficacy 
of PLDR radiation prior to surgery for non-metastatic 
pancreatic cancer. The prescription dose is escalated from 
the (lower) standard radiation dose of 56 Gy to a higher dose 
of 66 Gy for borderline resectable cases with the intent of 
facilitating a curative surgical intervention (e.g. providing 
more margin adjacent to non-resectable vessels and 
sterilizing regional lymph nodes). It is found that in pancreatic 
cancer models treated with regular radiation, fibroblasts in 
the microenvironment get more protumorigenic. However, 
with PLDR radiation, they do not get more protumorigenic. 
In fact, they revert back toward normal. It is expected that 
by treating with PLDR radiation, the pancreas is no longer 
supporting the cancer as much as it normally would.

SUMMARY

This paper reviewed the PLDR technique, the dosimetric 
requirements for PLDR treatment planning and dose delivery 
and the clinical applications of PLDR for cancer treatment. 
Outcomes from phase I clinical trials have shown favorable 
results of PLDR re-irradiation for treating recurrent cancers 
of various body sites. Further phase II and phase III clinical 
trials are warranted to quantify the therapeutic ratio of PLDR 
for different cancer types and determine its clinical efficacy. 
Other clinical applications of PLDR may be systematically 
investigated to fully exploit the potential benefits of LDHRS 
and low dose rate normal tissue repair for primary cancer 
treatment. In particular, PLDR can be used to treat bulky 
and/or resistant tumors, complex geometry that involves 
critical structures, and refractory patients to reduce normal 

tissue toxicities. Similarly, PLDR can be applied to early and 
intermediate stage cancer patients aiming at improvement 
in tumor control through dose escalation. PLDR can also 
play an important role in concurrent chemoradiotherapy to 
reduce the side effects of RT or combined toxicities of both 
modalities. Caution must be exercised, however, for those 
chemotherapy drugs that also cause cell DNA damage, which 
may change the transition dose for PLDR. 
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