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Abstract

Purpose—Many brain tumor patients suffer from radiation-induced toxicities. Chronotherapy is
a treatment modality that utilizes circadian rhythms to optimize the effect on tumor while
minimizing negative outcomes on healthy tissue. This review aims to systematically examine the
literature on the application of a radiation chronotherapeutic for all cancers and determine the
possible advantages of incorporating a circadian-based fixed time-of-day for radiotherapy into
CNS cancers.

Methods—A systematic review of the literature was conducted in two electronic databases from
inception to February 1, 2019. Primary research manuscripts were screened for those related to
adult human subjects exposed to ionizing radiation using the chronotherapy technique.

Results—Nine manuscripts were included in the review from 79 eligible articles. Three were
prospective randomized trails and 6 were retrospective reviews. This survey revealed that overall
survival and tumor control do not have consistent effects with only 60% and 55.5% of paper which
included the variables having some significance, respectively. Treatment symptoms were the
primary endpoint for both the prospective trials and were examined in 3 of the retrospective
reviews; effects were observed in sensitive tissue for all 5 studies including mucosal linings and
skin basal layer.

Conclusions—EXxisting literature suggests that the application of radiation chronotherapy may
reduce negative symptom outcome within highly proliferative tissues. Further examination of
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radiation chronotherapy in well-designed prospective trials and studies in brain tumor patients are
merited.
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Introduction

Chronotherapy is a technique used to optimize treatment efficiency by precisely scheduling
time of drug/therapy administration to enhance treatment effects on the disease while
reducing negative outcomes in healthy tissue [1, 2].

These windows of optimal treatment time are regulated by the body’s endogenous circadian
rhythms, which controls cellular mechanisms important for treatment sensitivity, e.g. cell
cycle and DNA repair mechanisms, through the daily patterns of clock gene expression [3].
Clock genes regulate the expression of 24-h rhythms present across most tissue types within
the body [4, 5] via an autoregulated transcription-translation feedback loop of the core clock
genes; BMALL, CLOCK/NPAS, PER, and CRY [6, 7]. Clock genes are also present in
diseased tissue, several different cancer cell lines have been shown to have circadian
rhythms in vitro [8-10] and in vivo [11, 12]. The differences in the phase and amplitude of
clock gene rhythms and cellular mechanisms controlled by the circadian system can vary
between different tissue types, importantly suggesting that cancer cells and healthy tissue
may respond differently to treatment. The most explored application of chronotherapy in
cancer has been the timed release of chemotherapeutic agents [13, 14], however, scheduling
of other important therapeutic procedures, such as radiation, have been examined but not
systematically reviewed.

lonizing radiation (IR) can induce cell death by causing damage to DNA via double stranded
breaks [15]. Circadian rhythms regulate several mechanisms that are crucial for facilitating
cell death within tumors in response to radiotherapy [16]. Specifically, clock genes are
involved in generating a rhythmicity of these IR-induced mechanisms across 24 h, which
predispose cells to be more sensitive to treatment at specific times-of-day [17]. Clock genes
have been shown to regulate DNA damage checkpoint response [18-20], DNA repair
mechanisms [21-23], and apoptosis [21] in response to IR. Time-of-day for the exposure to
both radiation [12, 24, 25] and DNA damaging agent, such as temozolomide [9], have a time
specific impact on the survival of tumor cells in culture. However, the current focus of the
chronotherapeutic field is moving away from the tumor as primary target and is now
examining how time of administration can be used to minimize negative side effects of
treatment [2]. Radiation induces many short-term and long-term side effects [26],
particularly when given to the brain radiation immediately impacts the survival of
proliferative tissues like neural stem cells in experimental models but can also cause lasting
sleep disruptions and cognitive defects in patients undergoing treatment [27, 28].

We are primarily interested in understanding the feasibility of using chronomodulated
administration of radiation in brain tumor patients to reduce treatment-related symptoms,
such as fatigue. Radiation is the standard treatment for the majority of brain tumor patients
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Methods

and for the most malignant primary brain tumor, glioblastoma (GBM), radiation is combined
with temozolomide [29]. Therefore, the goal of implementing chronotherapy is to improve
symptom outcomes following treatment. These symptoms impact quality of life; specifically,
in brain tumor patients, fatigue and sleep problems are the most prevalent symptoms
impacting daytime functioning [30]. Additionally, patients with brain tumors have been
shown to differentially develop sleep problems after radiotherapy that has been correlated
with polymorphisms in two clock genes, PER2 and ARNTL2 [31]. This finding is supported
by data demonstrating that polymorphisms found in PER2 are associated with sleep
problems in other populations [32—34] and are also linked to sleep disorders [35, 36].
Deletion of the PER2 gene in mice induced a shorter circadian period, loss of rhythmicity in
extended periods of constant darkness, and dampened expression of other clock genes within
the suprachiasmatic nucleus [37, 38] which all can directly impact sleep behavior. The PER2
variant (rs934945) associated with negative outcomes has also been correlated with activity
preference time in human carriers [39], suggesting differences in the period of the
endogenous rhythms like those observed in mice which may predispose carriers to
chronodisruption or expose carriers to treatment at a different and more detrimental
circadian time.

We postulate that a relationship exists between circadian rhythms, radiation and quality of
life is present within the primary brain tumor population and exploration of the mechanisms
to guide clinical trials are warranted. A review of the impact of radiation chronotherapy in
broader cancer literature would support examining and potentially testing this approach in
patients with CNS tumors. The aim of this current review is to systematically examine the
literature on the application of chronotherapeutic techniques to radiation therapy for all
cancers and determine the possible advantages of incorporating circadian-based fixed time-
of-day for radiotherapy. Specifically, we will separately investigate the findings in clinical
settings while summarizing the effects observed in both disease progression and other
quality of life factors, such as treatment-related symptoms and healthy tissue pathology.

The authors reviewed the literature to identify research on the importance and impact of
time-of-day on radiation therapy effectiveness and toxicity. A systematic review of the
literature was conducted on February 1st, 2019 using the PubMed (1946—Febuary 2019) and
EMBASE (1947—February 2019) databases. Table 1 lists the MESH and key words used as
the search criteria for both databases. The search encompassed all publication types and was
filtered for articles only written in English. The inclusion criteria consisted of primary
research articles conducted in adult human subjects exposed to ionized radiation, and these
subjects could be healthy or cancer bearing. However, studies were excluded if the subject
had non-solid tumors or were of pediatric age. A total of 79 studies met the eligibility
criteria based on preliminary screening using title and abstract by one reviewer (DSM). Of
those articles, nine included all required criteria and were further analyzed by both reviewers
(DSM; see Fig. 1).
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Results

Experimental groups and study design

The nine manuscripts included in the review were examined for demographic differences
(Table 2 and described below, as well as study design and approach. These studies either
conducted retrospective reviews (n = 6) or used a randomized trial design (n = 3). The three
randomized trials divided arms into Morning and Afternoon groups but varied in the
definition of their intervals and timing of each group. Bjarnson et al. [40] and Shukla et al.
[ 41] used 2-h intervals with the Morning treat occurring between 8 and 10 AM. However,
the Afternoon group were either treated from 4 to 6PM or 6 to 8 PM, thereby complicating
the interpretation of the Afternoon treatment results. Goyal et al. [42], on the other hand,
used 3-hour intervals from 8 to 11 AM and 3 to 6 PM. As anticipated, in the retrospective
studies there was more variability for the divisions of radiation time and the size of the
intervals (Fig. 2). Most studies had two groups, except Chan et al. [43], who had three time-
divisions: morning (8-11 AM), midday (11-2 PM), and afternoon (2-5 PM). Interestingly,
three studies had patients seen into the late evening; Shukla et al. [41] from 6 to 8 PM, Noh
et al. [44] had a group irradiated from 3 to 10 PM and Hsu et al. [45] from 5 to 10 PM.
These three studies were all conducted in Asian Institutes (Korea, India, and Taiwan) were
radiation treatment centers continued service later into the evening.

patient demographics

The average samples size of the studies was 258 (+ 124 SD) patients however there was a
wide range of N (97-437 patients, Table 2). While all patients were undergoing radiation
treatment for cancer, the type varied and included skin cancer (squamous cell carcinoma, n =
2), lung cancer (NSCLC, n = 2), bone metastasis (n = 1), prostate cancer (prostate
adenocarcinoma, n = 1), cervical cancer (cervical carcinoma, n = 1), and colorectal cancer
(rectal adenocarcinoma, n = 1); none of the papers examined were in the primary brain
tumor patient population. Most of these patients were also receiving other treatments
including chemotherapy [44, 46—49], analgesics [42] and hormones [44, 45]; three studies
excluded patients that receive chemotherapy prior to radiation [40-42]. Most of the studies
had both male and female patients, except those that examined prostate cancer [45], which
was 100% male patients, or breast [44] and cervical cancers [41], which had 100% female
patients. The two all-female studies were skewed to younger subjects (breast cancer: median
of 47; cervical carcinoma: mean of 49) as compared to the other studies that all had patients
with medians/means ages equal to or greater than 60 years old. Treatment for the different
cancers used varying types of irradiators and radiation regimens. Irradiator sources used to
administer treatment included older cobalt-60 units (n = 3) and newer stereotactic
radiosurgery approaches using True-beam (n = 1), TomoTherapy (n = 1) Gamma Knife (n =
2). Two studies did not specify the type of irradiator used for therapy [40, 46]. It should be
noted that the cobalt systems were used in two of the three prospective studies and known to
have increased toxicities due to the fixed energies of the beams. Radiation dosing and
number of fractions ranged from 8 Gy in 1 fraction to 70 Gy in 35 fractions.

J Neurooncol. Author manuscript; available in PMC 2021 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuboni-Mulligan et al. Page 5

Impacts on cancer progression and tumor size

The direct impact of radiation chronotherapy on diseased tissue was examined by
interrogating factors associated with the tumor, including overall survival (OS) and
alterations in the tumor size or progression of disease over time (Table 3). Five studies [40,
44-47] presented overall survival data that was primarily analyzed with the Kaplan—Meier
(KM) method although some studies [44, 46, 47] used Multivariate Cox regression analysis
to interrogate time effects in relation to several other variables (such as KPS score, age, #
targets, time to treatment, cancer stage, and molecular subtypes). Two studies found clear
positive correlation with survival in patients treated in the morning for prostate cancer [45]
and NSCLC brain metastases patients [47]. In the prostate cancer manuscript, the authors
created matched groups attempted to reduce the influence of other possible variables and
further used multivariate analysis to confirm the time effects in relation to these variables.
Negative results were observed in two other studies: Bjarnason et al. [40] found that after 2
years there was similar survival between the two arms of their randomized trial of skin
cancer patients (Morning: 61.1%; Afternoon: 64.1%), Noh et al. [44] also showed similar 7-
year survival rates in breast cancer patients (Morning: 96.0%; Afternoon: 95.9%). Badiyan
et al. [46] had mixed results in NSCLC patients; their KM analysis demonstrated a positive
effect of morning treatment. However, multivariate analysis did not find a significant effect
(p=0.11) suggesting that the morning group disproportionally had received stereotactic
radiosurgery closer to diagnosis which drove the effect in the KM analysis. The authors
listed lack of statistical power necessary to identify significant changes in the multivariate
analysis after accounting for imbalances between time groups as a major limitation of their
study. They conclude that larger data sets are required to definitively confirm the impact of
time in these patients. These studies demonstrate that the effects of radiation therapy on
overall survival are not consistent and should not be the primary focus of the methodology.

Tumor size and disease progression were examined in all nine manuscripts, however, the
variables used were dramatically different between the studies and only three manuscripts
used consensus guidelines which are easily replicated or compile for meta-analysis (Table
3). Those three studies quantified treatment response using the International Consensus on
Palliative Radiotherapy Endpoints for Future Clinical Trials in Bone Metastasis [48],
Radiotherapy Therapy Oncology Group (RTOG) criteria, and The Response Evaluation
Criteria in Solid Tumors (RECIST) criteria. Interestingly, two of the three studies that used a
standardized criterion were also the randomized prospective trials. Three other studies used
imaging (MRI or CT) and their own defined criteria to determine the radiographic
progression, local control or exact tumor size. Two studies examined time to recurrence but
did not specify the exact methodology for identifying recurrence [40, 44]. Finally, one study
used biochemical-free survival as defined by prostate specific antigen (PSA) in the blood
[45]. Biochemical failure was defined as an elevated PSA that exceeded the nadir plus 2.0
ng/ml.

Four studies found no significant effects of radiation administration time to disease
progression [40-42, 44]. Only two studies found definitive effects of radiation
administration time, both with improvements in the morning group [45, 47]. Three studies
found mixed results; Badiyan et al. [46] lost the Kaplan—Meier local control significance
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when using multivariate analysis, the other two studies [43, 49] only saw significance in one
gender. Chan et al. [43] found that female patients with bone metastasis had better treatment
response as defined by the International Consensus on Palliative Radiotherapy Endpoints for
Future Clinical Trials in Bone Metastasis when given radiation during the midday. Squire et
al. [49], on the other hand, observed a greater effect on tumor size in male patients when
radiation was given during the afternoon. The differences in tumor size and disease
progression effects between these studies also support using other non-tumor related
variables to measure the impact of radiation chronotherapy.

Impacts on patient healthy tissue and outcomes

Beyond the control of disease, radiation can induce treatment side effects that can impact
patient quality of life. Within the manuscripts reviewed, five measured other symptoms
related to treatment (Table 4) but only one included a patient reported outcome, specifically
a quality of life instrument [40]. Quality of life (QOL) was quantified in this study using the
head-and-neck RT questionnaire (HNRQ) [50]; which examined patient oral, skin, throat
energy, psychosocial, and digestive domains and demonstrated greater symptom burden with
higher scores. Bjarnson et al. [40] found that patients had better QOL for the oral domain in
week 1 and the throat domain in week 2 if treated in the morning. Four studies examined the
effects of radiation on mucosal tissue, either in the oral cavity [40, 42] or the gastrointestinal
(GI)/ Gastrourinary (GU) tracts [41, 45]. The remaining study [44] examined the effects of
radiation on the skin. These regions, skin and mucosal tissue, share a high proliferative rate
and are therefore more susceptible to acute toxicities related to radiation [51]. All five
studies found at least one variable that was significantly different between the time groups
examined and all but one significant variable, late Gl toxicity [45], found that Morning
radiation produced fewer side effects than Afternoon treatment. Hsu et al. [45] found that
acute radiation effects demonstrated greater incidence of Grade 1 or higher Gl and GU
issues, however, when they followed up with patients after approximately 68 months, they
saw lower toxicity in the evening for Gl tract and no effects in GU tract. The other study that
examined Gl toxicity did not specify the length of time they monitored patients and only
observed a positive effect of Morning treatment. It should also be noted that Hsu et al.
(2016) [45] observed a significant effect of old age as a covariable for the late toxicity effect
which may not be present in the Shukla et al. [41], as the population was much younger with
a mean of 49 rather than median of 72 years old. One other study had interesting
covariables, Bjarnason et al. [40] did not observe significant effects of time until they
accounted for either smoking status or total radiation dose received.

Discussion

The primary goal of this systematic review was to synthesize the radiation chronotherapy
literature and determine the methods used to examine the time of day effects for radiation-
induced symptom burden in patients anticipating the future application for brain tumor
patients experiencing increased daytime sleep. Therefore, this systematic review examined
the current landscape of radiation chronotherapy research in patients across different cancer
types and compared the effects of treatment time within tumors and healthy tissue. A total of
nine articles were reviewed, a majority of which were retrospective reviews and only three
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were randomized to treatment delivered either in the morning or afternoon. As expected, the
three randomized trials had more consistent sample times and durations than the
retrospective studies and defined clear primary and secondary endpoints. The primary
endpoints for all three of these studies focused on treatment symptoms, specifically
mucositis in the oral cavity or Gl tract. One study found a significant difference between
time groups, that was not seen in the two other studies. However, these studies either found a
trend in their primary endpoint or significance after adjusting for other symptoms factors;
both manuscripts recommended further investigations into radiation chronotherapy for their
respective cancers. The main conclusions of the retrospective reviews were that
chronotherapy had important therapeutic potential and recommended better sample selection
and more randomized trials. These findings were recently echoed in a similar literature
review of radiation chronotherapy [52], however, the authors encourage continued focus on
circadian rhythms within tumors. Together both the retrospective and prospective studies
reviewed here suggest that symptoms emanating from the effects of radiation on sensitive
tissues, rather than tumor variables or overall survival, are the optimal primary endpoints for
trials because symptomatology may be more affected by timing of treatment.

Symptoms as the primary endpoint

The clear focus of the radiation chronotherapy prospective trials on treatment related
symptoms demonstrate that the field is moving toward optimizing treatment to healthy
tissue. A systematic review of chronotherapy in colorectal cancer chemotherapeutics
similarly found that overall survival and tumor response rate were less influenced than side
effects by time of treatment [53]. All studies used the methods similar to that designed by
Levi et al. [54] and later optimized [55], were 5-fluorouracil was given from 1:00 to 4:00 am
and oxaliplatin was given at 1:00-4:00 pm via a pump system. Meta-analysis in this study
demonstrated that chronomodulated drug administration improved mucositis when
comparing five trials and neutropenia when comparing four trials. Treatment time can have
different effects in different tissues because unique circadian rhythms are observed in many
different cell types, both healthy and cancerous [4, 8, 10], and can vary in the phase of the
rhythms expressed. These rhythms also control cell physiology based on the organ and cell
type [5], suggesting that mechanisms like DNA repair could vary in peak expression
between cell types thereby altering cell sensitivity to radiation at different times during the
day. Additionally, highly replicating cells are disproportionally sensitive to radiation [51] as
are tumor cells [56]. All the five studies that examine treatment related outcomes investigate
cells that rapidly proliferate, mucosal lining and skin basal layer. Additionally, two studies
not covered within the search criteria also showed heightened hematological toxicity [57]
and Late Effects of Normal Tissue-Subject Objective Management Analytical values [58] for
morning treatment in patients with cervical carcinoma and breast cancer, respectively. In in
vivo rodent models, cell cycle and proliferative activity governs time-dependent radiation
sensitivity [17, 59-61]. Within the brain, the primary focus of attention for radiation
research has focused on cognition and the hippocampus [62]. However, little is known about
how the circadian and sleep brain circuits are impacted by radiation and if these regions are
predisposed to sensitivity at specific times. The mechanism which predisposes patients to
radiation-induced hypersomnolence may be alleviated if treatment time reduces the injury
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caused by radiation to the brain. Further testing is merited in the use of radiation
chronotherapy for cancers of the central nervous system.

Sample time and patient rhythms

Modern applications of chronotherapy have promoted the identification of each individual
patient’s endogenous clock or chronotype to provide personalized chonomedicine, optimal
treatment is based on the patient’s current circadian rhythms [63, 64]. None of the papers
reviewed here, examined the patient’s circadian rhythm neither through surveys nor
actigraphy. Within the retrospective reviews, patients selected the scheduled time for their
respective treatment [46, 47]; therefore, diurnal preference (chronotype) distribution could
vary dramatically between the Morning and Afternoon groups. Chronotype of an individual
is a representation of the patient’s circadian rhythm and specifies the time when they
optimally perform, generally people are either morning types (larks) or evening types (night
owls). Identifying chronotypes can be achieved via survey, Morningness—Eveningness
questionnaire (MEQ) [65] or Munich ChronoType Questionnaire (MCTQ) [66]. Diurnal
preference is related to sleep, specifically evening types wake up latter [67], are less alert in
the morning [68], have higher risk of poor sleep quality [69, 70], and more sleep debt during
the work week [71]. Sleep dept caused by the misalignment between circadian rhythms and
social pressures leads to negative work and health consequences [72, 73]. Mice with
misaligned circadian rhythms have aggravated effects of radiation, with greater weight loss
and lower survival [74, 75]. Therefore, understanding the patient’s endogenous circadian
rhythms and possible chronodisruptions are important in interpreting the effects of radiation
chronotherapy and should be considered in future studies.

Sample demographics: gender and age

There were several studies that only observed significance when the data were divided into
subgroups. Two studies found that patient gender played a role in the effects observed on the
tumor response. Chan et al. [43] found that female patients had a better response in bone
metastasis, while Squire et al. [49] showed effects in male patients with Rectal
Adenocarcinoma. In patients with whole brain radiation for metastasis in several different
cancer types, overall survival was also significantly higher with morning treatment only in
females [76]. Gender differences in circadian rhythms are well documented [77], these
differences are observed within the central pacemaker of the brain (suprachiasmatic nucleus,
SCN) and in downstream oscillators and their hormonal rhythms. Tumor cells between the
gender will therefore be exposed to different hormonal profiles and have different expression
of clock gene rhythms. In fact, colorectal cancer has been shown to have differing clock
gene profiles between the genders and expression is related to estrogen receptors profiles of
the cells [78]. A systematic review of the chronomodulated administration of
chemotherapeutics in colorectal cancer found that males benefited more than females [79],
these findings are similar to the results we report here in Squire et al. [49]. Another
important variable is age, Hsu et al. [45] found an interaction between older age and later
radiation time with worse Gl toxicity (HR: 1.02 (1.00-1.03), p = 0.04). Age differences in
circadian rhythms, like gender, have been well documented [80]. There is an overall
dampening of physiological rhythms in older subjects with weaker SCN rhythms for glucose
metabolism [81] and electrical activity [82, 83]. Dampened circadian rhythms leads to a
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more vulnerable circadian system which can have detrimental effect, including reducing
survival [84]. Both gender and age are important factors that appear to play a major role in
the effects observed in with chronotherapy. Future trials should ensure that arms are matched
to address the effects of these covariates. Additionally, further investigation into the
underlying mechanisms that predispose these groups and not others is critical in developing
optimal treatment plans for all patients.

Limitations

The literature describing radiation chronotherapy is limited by several factors. Primarily,
there are very few prospective randomized trials which makes definitive recommendations
difficult. The majority of the articles in this systematic review (6/9) are based on
retrospective studies. These studies have many more possible biases, the most precarious of
which is the self-selection of treatment time by patients in some studies. As outlined above,
we are unclear of the underlying circadian rhythms between groups that selected treatment
in the morning vs afternoon and if preference may lead to different sensitivity to
radiotherapy regardless of treatment time. Therefore, it would be difficult to make claims
about the treatment time-of-day effects between these groups. Another major flaw within the
retrospective reviews, is the extreme variability in the division of time groups as outlined in
Fig. 2. The sizes (number of hours), start/end times, and more importantly consistence of
treatment time within patient across treatment were all differently defined and could have
impacted the findings. Finally, unlike the prospective trials clear endpoints were not defined
prior to the analysis of the data in the retrospective reviews. These studies however highlight
similar more prevalent effects in symptom variables rather than tumor control. The reviews,
therefore, provide guidance for selecting variables for future trails.

Conclusion

Circadian rhythms drive the 24-h undulation of behavior and physiology into defined peaks
and nadir. The expression of these rhythms is dependent on tissue type, so that different cells
have heightened sensitivity to treatment at different times of day. This review highlights the
importance of examining not only the direct effects of treatment time on the tumor, as
measured by overall survival and progression, but for examining other symptoms caused by
radiation damage in adjacent healthy tissues. The tumor data reviewed here is evenly divided
into studies that find chronobiologic effects and those that do not. However, the data in
healthy mucosal tissue and skin all demonstrate that radiation chronotherapy significantly
reduce symptom burden in patients, with a general improvement when given in the morning.
There are several distinct limitations to these studies, specifically a majority are retrospective
reviews and vary wildly in the definition of time groups. Multivariate analysis also
demonstrated the importance of balanced groups, as there were several subgroups (age,
gender and disease status) which were found to interact with treatment time effect. The
findings of this review underscore the need to further examine the effects of radiation
chronotherapy on both tumor response and toxicities in a well-designed prospective manner,
and to conduct studies in brain tumor patients based on the possibility of significant
toxicities associated with this therapy.
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