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Introduction

We hypothesized that increasing the pelvic integral dose (ID) and a higher dose per fraction correlate with worsening fatigue and functional outcomes in localized prostate cancer (PCa) patients treated with external beam radiotherapy (EBRT).



Methods

The study design was a retrospective analysis of two prospective observational cohorts, REQUITE (development, n=543) and DUE-01 (validation, n=228). Data were available for comorbidities, medication, androgen deprivation therapy, previous surgeries, smoking, age, and body mass index. The ID was calculated as the product of the mean body dose and body volume. The weekly ID accounted for differences in fractionation. The worsening (end of radiotherapy versus baseline) of European Organisation for Research and Treatment of Cancer EORTC) Quality of Life Questionnaire (QLQ)-C30 scores in physical/role/social functioning and fatigue symptom scales were evaluated, and two outcome measures were defined as worsening in ≥2 (WS2) or ≥3 (WS3) scales, respectively. The weekly ID and clinical risk factors were tested in multivariable logistic regression analysis.



Results

In REQUITE, WS2 was seen in 28% and WS3 in 16% of patients. The median weekly ID was 13.1 L·Gy/week [interquartile (IQ) range 10.2-19.3]. The weekly ID, diabetes, the use of intensity-modulated radiotherapy, and the dose per fraction were significantly associated with WS2 [AUC (area under the receiver operating characteristics curve) =0.59; 95% CI 0.55-0.63] and WS3 (AUC=0.60; 95% CI 0.55-0.64). The prevalence of WS2 (15.3%) and WS3 (6.1%) was lower in DUE-01, but the median weekly ID was higher (15.8 L·Gy/week; IQ range 13.2-19.3). The model for WS2 was validated with reduced discrimination (AUC=0.52 95% CI 0.47-0.61), The AUC for WS3 was 0.58,



Conclusion

Increasing the weekly ID and the dose per fraction lead to the worsening of fatigue and functional outcomes in patients with localized PCa treated with EBRT.
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Introduction

Radiotherapy-related fatigue is often underestimated in clinical practice in spite of its high prevalence and negative impact on the quality of life (1). The US National Comprehensive Cancer Network defines fatigue as “a distressing, persistent, subjective sense of physical, emotional, and/or cognitive tiredness or exhaustion related to cancer or its treatment that is not proportional to recent activity and interferes with usual functioning” (2). The impact on usual functioning is important. Studies showed increased fatigue and functional deterioration in men with prostate cancer (PCa) treated with radiotherapy, which peaks after the completion of treatment (3, 4). Lower physical activity, poor sleep, depressive mood, and the use of androgen deprivation therapy increase the risk of fatigue (5–7).

The use of whole-pelvis irradiation, to include the draining lymph nodes in the target volume, increases fatigue levels compared with prostate-only radiotherapy, suggesting a plausible correlation between the total body dose, the volume irradiated, and worsening fatigue (8). The integral dose (ID) describes energy deposition within the whole body. Historically, it is considered to measure the “physical aggressiveness” of radiotherapy (9). Modern radiotherapy techniques such as intensity-modulated radiotherapy (IMRT) and volumetric-modulated arc therapy (VMAT) deliver higher doses to the clinical target volume by redistributing the dose away from identified organs at risk, which increases the volume of tissue receiving lower doses of radiation and the ID. No one has explored whether variations in the ID with prostate-only radiotherapy affect the risk of fatigue.

There also have been no studies on the relationship between the dose per fraction and fatigue. Moderately hypofractionated regimens show equivalence with more protracted courses of conventional radiotherapy in localized PCa (10–12). Advances in imaging enabled greater anatomic precision in defining clinical target volumes and reducing motion uncertainties during treatment delivery. This has led to a number of ultrahypofractionated schedules being tested in clinical trials. One such study was the Prostate Advances in Comparative Evidence (PACE-B) trial, which randomized patients to stereotactic body radiation therapy (SBRT) (36.25 Gy in 5 fractions) versus conventional (78 Gy in 39 fractions) or hypofractionated radiotherapy (62 Gy in 20 fractions). Although overall toxicity was similar between the two arms, fatigue was greater in the SBRT arm (overall: 74.5% vs. 57.5%; grade 2 or more: 8.2% vs. 3.2%) (13). These results suggest that radiotherapy-induced fatigue could be higher with larger doses per fraction.

We hypothesized that increasing the pelvic ID and a higher dose per fraction correlate with worsening fatigue and functional outcomes at the end of treatment in localized PCa patients treated with radical radiotherapy without the irradiation of pelvic lymph nodes (14–16).



Patients and methods


Patients

The study design was a retrospective analysis of patients recruited into two prospective observational studies. The multinational REQUITE (ISRCTN98496463) and Italian DUE-01 studies were approved by local ethics committees (14–19). PCa patients were enrolled in REQUITE between April 2014 and October 2016 and in DUE-01 between April 2010 and December 2014. Inclusion criteria were patients with localized PCa and definitive treatment with external beam radiotherapy. Exclusion criteria were radiotherapy to the pelvic lymph nodes, the use of a brachytherapy boost, and prior radical prostatectomy.



Data collection

The following clinical variables were collected prospectively for each patient using standardized forms: age, body mass index, the presence of comorbidities, medication history, previous abdominal and pelvic surgeries, previous transurethral resection of prostate, the use of neoadjuvant androgen deprivation therapy, and treatment technique [IMRT/VMAT versus three-dimensional conformal radiotherapy (3DCRT)]. Radiotherapy planning data were uploaded to VODCA (MSS Medical Software Solutions, Hagendorn, Switzerland). As patients received different fractionation regimens including hypofractionated schedules, the weekly ID was calculated. The ID is the product of the mass of tissue irradiated and the absorbed dose. Although the ID can be calculated with the mass obtained from CT numbers that indicate the distribution of tissue densities in the pelvic region, the approach requires an extra step that potentially misrepresents structures with highly heterogeneous densities (20). Therefore, the differential dose volume histogram (DVH) of the body was calculated in VODCA (MSS Medical Software), and the ID was calculated by multiplying the mean total body dose by the body volume as measured in the radiotherapy treatment planning CT. The weekly ID was computed by dividing the ID by the duration of radiotherapy in weeks.



Outcome

The quality of life was assessed using European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire-C30 version 3.0 questionnaires, which were completed by patients before radiotherapy and at the following time points: the end of radiotherapy and annually for 2 years in REQUITE and biannually until 5 years in DUE-01 (21). The European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire-C30 comprises distinct multi-item scales and individual items, each of which represents a different aspect of the quality of life. There are five functioning scales (physical, role, social, cognitive, and emotional), three multi-item symptom scales (fatigue, nausea and vomiting, and pain) and six single-item symptoms (dyspnea, insomnia, appetite loss, constipation, diarrhea, and financial difficulties). Apart from the fatigue symptom scale (three items), the physical (five items), role (two items), and social (two items), function scales also assess the quality-of-life aspects related to fatigue. For present analysis, we considered the four above-mentioned multi-item scales, i.e., a total of 12 items.

Differences were measured between the scores in individual scales (scores ranging from 0 to 100) at the completion of radiotherapy vs. the baseline (before the start of radiotherapy). For modeling purposes, we considered “worsening in a specific scale” as a minimum deterioration of 17 points. This is greater than the minimally important differences for within-group deterioration in all the considered scales as reported in studies considering different cancer cohorts (22, 23). Further, this magnitude of change in scores was associated with a large deterioration for all the selected scales, with the exception of role functioning (for this scale, the worsening of 17 points was associated with medium deterioration) (24). Outcome measures were defined as worsening in at least two scales (WS2) and in three out four scales (WS3), possibly identifying the mild and moderate impacts of radiotherapy on everyday life, respectively. Details on the European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire-C30 scales used for this work are reported in Supplementary Material (Table S1).



Analysis

Univariable logistic regression was used to identify associations between the worsening of functional outcomes (WS2 and WS3) and the following variables: weekly ID, the presence of comorbidities, the use of androgen deprivation therapy, previous surgery, smoking, alcohol, age, body mass index, and radiotherapy delivery (IMRT/VMAT or 3DCRT). Multivariable logistic analysis included covariates from the univariable analysis with p<0.15. Odds ratios (ORs) and 95% confidence intervals (CIs) were used to show the effect size. Models were developed using the REQUITE cohort (TRIPOD 2a model) with DUE-01 used for external independent validation (TRIPOD 3 model) (25). Models were assessed for the goodness-of-fit using the Hosmer–Lemeshow (HL) test, calibration using calibration plots (calibration-in-the-large, calibration slope, and R2), and discrimination through the area under the receiver operating characteristics curve (AUC). Internal validation was considered using bootstrapping (1,000 resamples). All statistical analyses were performed using KNIME software (KNIME GmbH, Germany) coupled with R software (www.r-project.org).




Results

Supplementary Figures S1, S2 show the selection of patients for the REQUITE and DUE-01 populations, respectively. The application of inclusion and exclusion criteria, coupled to the availability of European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire-C30 questionnaires and DICOM data, led to 771 patients: 543 from REQUITE and 228 from DUE-01. Table 1 lists the clinical and dosimetric characteristics of each cohort.


Table 1 | Baseline characteristics of the development and validation cohorts.




Development cohort

In the REQUITE development cohort, the rate of worsening for fatigue, physical functioning, role functioning, and social functioning were 28%, 15%, 30%, and 29%, respectively. Worsening in at least two scales (WS2) was documented in 28% (155/543) of patients, while 16% (85/543) of patients had worsening in three or four scales (WS3). The median weekly ID was 13.1 L·Gy/week [interquartile (IQ) range 10.2-19.3 L·Gy/week]. The proportions with WS2 were 24% for patients below and 33% for those above the median weekly ID. The respective proportions for WS3 were 13% and 18%. The mean weekly IDs were 13.9 L·Gy/week for patients without WS2 and 16.1 L·Gy/week for those with WS2 (t-test p<0.01). The respective values for WS3 were 14.1 L·Gy/week and 16.6 L·Gy/week (t-test p<0.01).

Univariable analyses showed that the weekly ID was significantly associated with both WS2 (OR=1.05, 95% CI 1.02-1.08, p<0.01; AUC=0.59, 95% CI 0.55-0.63, HL test p=0.79) and WS3 (OR=1.06, 95% CI 1.02-1.09, p<0.01; AUC=0.60, 95% CI 0.55-0.64, HL test p=0.79). The calibration plots for WS2 and WS3 are shown in Figures 1A, B, respectively. Discrimination power was not affected by optimism, with the AUC after the bootstrapping of 0.59 and 0.60 for WS2 (optimism 0.001) and WS3 (optimism 0.002), respectively. Calibration was affected by optimism, with calibration-in-the-large after the bootstrapping of 0.10 and 0.33 and the slopes of 1.11 and 1.19, for WS2 and WS3, respectively. Internal validation confirmed the effect of the weekly internal dose, with the discrimination power not affected by bootstrapping. However, internal validation also highlighted uncertainties in the estimates of the absolute rate of events (calibration-in-the large) and a possible underfitting of the effect size of the weekly internal dose (calibration slope >1). Table 2 summarizes the results of univariable analyses. The dose per fraction was associated with WS2 with a large effect size (OR=1.8 for each 1 Gy increase in the dose per fraction, p-value<0.01). Figures S3, S4 show WS2 and WS3 as a function of the dose per fraction. The use of IMRT/VMAT versus 3DCRT was associated with both increased WS2 (OR=2.75, p <0.01) and WS3 (OR=3.7, p<0.01).




Figure 1 | Calibration plots for (A) the model for the worsening of at least two functional endpoints with the inclusion of the weekly integral dose (ID) evaluated on the whole REQUITE population (development population); (B) the model for the worsening of at least three functional endpoints with the inclusion of the weekly ID evaluated on the whole REQUITE population (development population); (C) the model for the worsening of at least two functional endpoints with the inclusion of the weekly ID evaluated on the whole DUE-01 population (independent external validation population); (D) the model for the worsening of at least three functional endpoints with the inclusion of the weekly ID evaluated on the whole DUE-01 population (independent external validation population). Calibration plots present the rate of observed events in a group of patients (y-axis) vs. mean predicted probability for the same group (x-axis). Groups of patients are ordered for increasing predicted probability. Error bars represent the confidence interval in observed frequencies as calculated from proportions in the study population and based on the normal distribution of events. The continuous black line represents the calibration line; its equation is given in each plot (calibration-in-the-large and calibration slope). The dotted line represents the calibration line for perfect calibration (i.e., calibration-in-the-large=0 and calibration slope=1). In all plots, the red circles at y=0 and y=1 are the observed events for each patient plotted at the corresponding predicted probability.




Table 2 | Results of univariate logistic regression for the two selected endpoints: (a) the worsening of at least two functional scales (WS2) and (b) the worsening of at least three functional scales (WS3).



In multivariable analyses, the factors retaining significance for WS2 were the weekly ID, diabetes (OR=0.47), the use of beta-blockers (OR=0.67), and the radiotherapy technique (IMRT/VMAT vs. 3DCRT, OR=1.92). Different radiotherapy techniques can lead to different weekly IDs due to the low–medium dose bath; Figure S5 shows the distribution of the weekly ID in the REQUITE cohort stratified by the radiotherapy technique (static field radiotherapy vs. volumetric arc radiotherapy). The multivariable model was also significantly associated with WS2 (p<0.0001 for likelihood ratio test; HL test p=0.77; calibration slope 0.99 and calibration-in-the-large 0). There was a small non-significant increase in the AUC (0.63) for the multivariable compared with the univariable model that only included the weekly ID (AUC 0.59). The factors significant for WS3 in multivariable regression were the weekly ID (OR=1.04), diabetes (OR=0.38), and the radiotherapy technique (3DCRT vs. IMRT/VMAT, OR=2.44) (p=0.002 for likelihood ratio test, HL test p=0.65, calibration slope 0.97 and calibration-in-the-large 0). Again, there was a small non-significant increase in the AUC (0.63) for the multivariable compared with the univariable model that only included the weekly ID (AUC 0.60). Table 3 summarizes the results of multivariable analysis.


Table 3 | Multivariate model for worsening of at least two and three functional outcomes.



Due to the high impact of the dose per fraction, a stratified logistic model was fitted separately for patients with a dose per fraction ≤2.7 Gy (98 events out of 391 [25%] patients for WS2; 53/391 events [13.6%] for WS3) vs. a dose per fraction >2.7 Gy (57 events out of 152 [37.5%] patients for WS2; 32/152 [21.1%] events for WS3). Different effect sizes resulted in the two subpopulations for both endpoints: OR=1.03 vs. OR=1.07 for WS2 and OR=1.04 vs. OR=1.09 for WS3 (Table S2). Figure 2 shows the logistic curves for the stratified models for WS2 and WS3 (Figures 2A, D) and the corresponding calibration plots (Figures 2B, E). The AUC was 0.60 (95% CI 0.55-0.63) for WS2 and 0.61 for WS3 (95% CI 0.57-0.65). Internal validation resulted in an AUC=0.60 (optimism 0.001) and a highly improved stability of calibration when compared with the model not stratified for the dose per fraction. Calibration slopes after bootstrapping were 0.99 and 1.07 for WS2 and WS3, respectively, and calibration-in-the-large was -0.01 (WS2) and 0.10 (WS3).




Figure 2 | (A) Model for the worsening of at least two functional endpoints (WS2) with the inclusion of the weekly ID and stratification for the daily dose; (B) the calibration plot for the model for the worsening of at least two functional endpoints (WS2) with inclusion of the weekly ID and stratification for the daily dose evaluated on the whole REQUITE population (development population); (C) the calibration plot for the model for the worsening of at least two functional endpoints (WS2) with the inclusion of weekly ID and stratification for the daily dose evaluated on the whole DUE-01 population (independent external validation population); (D) the model for the worsening of at least three functional endpoints (WS3) with the inclusion of weekly ID and stratification for the daily dose; (E) the calibration plot for the model for the worsening of at least three functional endpoints (WS3) with the inclusion of the weekly ID and stratification for the daily dose evaluated on the whole REQUITE population (development population); (F) the calibration plot for the model for the worsening of at least three functional endpoints (WS3) with the inclusion of the weekly ID and stratification for the daily dose evaluated on the whole DUE-01 population (independent external validation population). The continuous black line represents the calibration line; its equation is given in each plot (calibration-in-the-large and calibration slope). The dotted line represents the calibration line for perfect calibration (i.e., calibration-in-the-large=0 and calibration slope=1). In (C, F), the blue line represents calibration after the exclusion of the outlier patients with predicted high risk and no worsening of functional endpoints; see the main text for details.





Validation cohort

In DUE-01, the rates of the worsening of physical functioning, role functioning, fatigue, and social functioning were 10%, 21%, 20%, and 30%, respectively. WS2 and WS3 proportions were 19.4%, and 8.4%, respectively. The median weekly ID was 15.8 L·Gy/week (IQ range 13.2-19.3 L·Gy/week). The proportions with WS2 were 18.4% for patients below the median weekly ID and 20.4% for those above the median weekly ID. The respective proportions for WS3 were 7.0% and 9.7%. The mean weekly IDs were 16.6 L·Gy/week for patients without WS2 and 16.8 L·Gy/week for those with WS2 (t-test p=0.8). The respective values for WS3 were 16.5 L·Gy/week and 17.9 L·Gy/week (t-test p=0.3). Although the weekly IDs were higher in DUE-01 compared with REQUITE, there was a lower rate of worsening in the scales tested. In particular, there was a substantially reduced worsening of physical and role functioning (Figure S6).

Four models were taken forward for validation in the DUE-01 population, including two models each for WS2 and WS3 without and with stratification for the dose per fraction. Multivariable models including clinical risk factors were not considered for validation due to their small non-significant improvement in model performance. The calibration plots for the models applied to the DUE-01 population are presented in Figures 1, 2: (1) WS2 without stratification for dose per fraction in Figure 1C; (2) WS3 without stratification for dose per fraction in Figure 1D; (3) WS2 with stratification for the dose per fraction in Figure 2C; and (4) WS3 with stratification for the dose per fraction in Figure 2F. In all cases, a general increase in the rate of the worsening of the physical/functional status with an increased weekly ID was observed but with a reduced slope compared with the development cohort (calibration slopes ranging from 0.14 to 0.67). Calibration-in-the-large showed offsets ranging from -0.02 to 0.17, reflecting the different rates of the study endpoints in DUE-01.

Discrimination power was systematically lower in DUE-01 than REQUITE, but the difference was not statistically significant. The AUC was 0.52 (95% CI 0.42-0.61) for both models on WS2 (with/without stratification for dose per fraction), while, for models on WS3, the AUC was 0.58, (95%CI 0.43–0.67). Of note, models including the stratification for the dose per fraction behaved in a satisfactory way for most patients and failed for only a very small proportion of patients who were classified at high risk but did not have WS2 (two patients) or WS3 (one patient). Excluding these few inconsistent patients improves the calibration for both WS2 (calibration-in-the-large 0.07 and calibration slope 0.46) and WS3 (calibration-in-the-large -0.07 and calibration slope 1.0).




Discussion

We showed that 15%–30% of patients experience significant worsening fatigue and functional outcomes following external beam radiotherapy (EBRT) for PCa. Our observation that the weekly whole-body ID is a predictor of fatigue was validated (as increasing rate of worsening of functional outcomes with increasing weekly ID) in an independent cohort. This is the first study linking the whole-body ID with acute fatigue and functional outcomes in PCa patients. Our study also highlights that larger fraction sizes increase the risk of fatigue.

Initial studies showed that IMRT increases IDs due to a larger volume of tissue being irradiated to lower doses, raising concerns that it could increase the risk of developing second malignancies (26–28). However, other studies were contradictory with IMRT plans producing lower IDs (29, 30). We found that patients treated with IMRT/VMAT versus 3DCRT had more early fatigue and worse functioning outcomes in univariable analyses, which suggests that irradiating larger volumes of tissue with low doses contributes to an increased risk of fatigue. Regardless of the treatment technique, our results show that the ID needs to be considered in the delivery of external beam radiotherapy.

We could not investigate the mechanistic links of the correlation between the ID and fatigue in this study. Indeed the molecular mechanisms of radiotherapy-induced fatigue have not been fully elucidated, but studies revealed a link with mitochondrial dysfunction and pro-inflammatory immune dysregulation (31, 32). A study on systemic blood counts in breast cancer patients receiving intraoperative RT either as accelerated partial breast irradiation or as boost before external beam RT found that the volume of irradiation may play a role on the direct toxic effect of radiation on circulating blood cells (33). The associations between irradiated volume and changes in hematological parameters were also reported in a PCa study investigating patients treated with postoperative RT and whole-pelvis RT (34). All these processes would be affected by the weekly ID.

Regarding the counterintuitive findings of lower fatigue rates in diabetic patients (13.5% vs. 18.5% for WRS2 and 2.7% vs. 6.3% for WRS3), we could hypothesize some beneficial effects of antidiabetic drugs aside from insulin resistance and glucose metabolism regulation. Indeed, studies report the anti-inflammatory role of metformin (35, 36) and its impact on chronic pain (37), suggesting that these two mechanisms could explain lower fatigue rates and better functional outcomes in PCa patients with diabetes.

We also found that larger doses per fraction increased the risk of fatigue. Interestingly, fraction size predicted the risk of worsening fatigue and functional outcomes even after accounting for overall treatment time, suggesting that radiotherapy-induced fatigue is sensitive to fractionation. Our finding is consistent with the report from the Hypofractionated Radiotherapy of intermediate risk localised Prostate Cancer (HYPO-RT-PC) trial that showed more pronounced early side-effects with ultrahypofractionated compared with conventionally fractionated radiotherapy (38). While the PACE-B trial reported the similar rates of early side-effects for ultrahypofractionated versus conventionally/moderately hypofractionated radiotherapy, the level of ≥grade 2 fatigue was higher (8.2% vs. 3.2%) (13).

The AUC for models was modest (around 0.60). Despite the widespread use of the AUC in evaluating the performance of models for radiotherapy outcomes, radiotherapy side-effects pose a peculiar challenge for a measure that rewards a clear separation of responders from non-responders. The shallow dose–response, the broad distribution of continuous dose variables, and the substantial fraction of patients at low risk of toxicity (as dictated by good clinical practice) limit the upper ceiling for the AUC well below the theoretical best value of 1. Further, population sizes above 1,000 patients are required to reduce the AUC confidence intervals and allow a statistically significant separation between the models with weak/medium/strong discriminative power. Bahn and Alber demonstrated that the AUC should be used with caution when modeling radiotherapy outcomes and suggest that it is prudent not to put too much store by the AUC (39). Other performance measures, such as calibration, coupled with external validation [TRIPOD type 2b or 3 (25)] should be stressed.

Our findings have implications for treating localized PCa where there is interest in dose intensification strategies and using fewer larger fractions. Both increasing doses with IMRT/VMAT and using extreme hypofractionation are likely to increase the risks of early fatigue, but other options could be considered. Since brachytherapy delivers a highly conformal dose to the clinical target volume without redistributing the dose to a larger volume of tissue, combining EBRT with a high-dose-rate brachytherapy boost would allow dose escalation to the prostate gland without increasing the ID in patients deemed at high risk for fatigue (40–42). A randomized trial by Hoskin et al. showed improved biochemical progression-free survival, although the control arm was no longer the standard of care when its results were available (40). However, several non-randomized studies reported impressive biochemical disease-free survival rates with tolerable toxicity with this approach (43, 44).

Our work also has implications for treating pelvic nodes where there is a lack of consensus among radiation oncologists on their inclusion in the clinical target volume due to conflicting results from clinical trials (43, 44). Expanding the clinical target volume to include pelvic lymph nodes would result in substantially higher IDs. Previous studies showed that radiotherapy-induced fatigue was higher in patients treated with pelvic nodal radiotherapy than in those treated with prostate-only radiotherapy (8). Since our objective was to investigate a quantitative correlation between the ID and the worsening of fatigue and functional outcomes, we excluded the patients treated with pelvic nodal radiotherapy in our study. Including these patients would have resulted in a bimodal distribution of the ID precluding a meaningful quantitative determination of its effect on the outcome. Nevertheless, in the absence of the robust evidence of efficacy, our results indicate that clinicians should consider the likelihood of increased fatigue as they weigh the risks and benefits of including pelvic lymph nodes in the clinical target volume of patients treated with radical radiotherapy.

A limitation of our study is that the outcome measure was only determined at two time points—before the commencement of radiotherapy and at the end of radiotherapy. A preliminary analysis revealed that the rates of the worsening of at least two and three functional endpoints were 23% and 12.4% at 2-year follow-up; additionally, the worsening of the functional status at the end of radiotherapy was associated with functional worsening at 2-year follow-up (OR∼3 and p-value<0.0001 for both endpoints). These findings indicate that the analysis and results focused at the end of radiotherapy are also relevant for late endpoints. Since this study was based on a secondary analysis of the data that were already collected as part of the REQUITE study, we could not use more robust tools to assess fatigue such as the Functional Assessment of Cancer Therapy: Fatigue (FACT-F) or European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire-FA12 (EORTC QLQ-FA12) questionnaires (45, 46). A further aspect is associated to the choice of considering “worsening,” i.e., a difference from the baseline, in order to specifically address radiotherapy-related outcomes. The outcome measure could underestimate the effect on patients with already adverse pretreatment fatigue and functional outcome scores, especially those treated with neoadjuvant androgen deprivation. However, this possible bias should have minimal impact on the results due to the very low rate of patients with pretreatment fatigue. Figure S6 in the Supplementary Material reports the distribution of scores before radiotherapy.

Further work is needed to confirm if the changes in fatigue and functional outcomes attributable to a higher ID are sustained in the long term. Nevertheless, since there is clinical equipoise in terms of the efficacy between radical surgery and radiotherapy, our results suggest that clinicians should consider increased treatment-induced fatigue and the worsening of the physical, role, and social functioning when offering external beam radiotherapy, defining clinical target volumes, and deciding treatment delivery techniques to patients with localized PCa.
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Worsening of 22 functional scales (WS2)  Worsening of 23 functional scales (WS3)

Variables p-value Odds Ratio p-value Odds Ratio
(95%CI) (95%CI)

Age 0.29 0.98 0.30 0.98
(years, continuous variable) (-0.03,+0.03) (-0.03,+0.03)
Body mass index 0.30 1.01 0.20 1.01
(kg/mz,continuous variable) (-0.02,+0.02) (-0.02,+0.02)
Weight 0.30 101 0.27 1.01
(kg, continuous variable) (-0.02,+0.02) (-0.02,+0.02)
Smoking history 0.18 1.49 0.59 122
(current smoker vs. ex-smoker OR never smoker) (-0.66,+1.18) (-0.63,+1.30)
Alcohol 0.55 114 0.46 123
(yes vs. no) (-0.41,40.62) (-0.53,4+0.92)
Use of alpha blockers 0.86 0.96 0.51 0.80
(yes vs. no) (-0.38,+0.62) (-0.38,+0.74)
Use of antidepressant drugs 0.87 0.93 0.57 0.73
(yes vs. no) (-0.51,+1.12) (-0.48,+1.39)
Use of beta blockers 0.11* 0.68 0.30 0.73
(yes vs. no) (-0.26,+0.41) (-0.33,+0.59)
Use of lipid-lowering drugs 0.14* 133 0.52 1.16
(yes vs. no) (-0.41,+0.60) (-0.43,+0.69)
Use of 5-alpha reductase inhibitors 0.71 1.26 0.37 1.83
(yes vs. no) (-0.88,+2-96) (-1.34,+5.01)
Hypertension 0.11* 0.74 0.14* 0.71
(yes vs. no) (-0.23,+0.33) (-0.26,+0.41)
Diabetes 0.007* 0.44 0.02* 0.36
(yes vs. no) (-0.20,+0.36) (-0.21,+0.49)
History of heart disease 0.46 0.85 0.13* 0.64
(yes vs. no) (-0.39,+0.46) (-0.28,0.50)
Depression 0.39 0.70 0.44 0.66
(yes vs. no) (-0.39,+0.86) (-0.43,+1.24)
Neo(adjuvant) hormone therapy 099 1.00 073 091
(Yes/No) (-0.34,+0.52) (-0.39,+0.66)
Prescribed dose 0.04% 098 0.34 0.99
(EQD2Gy, alpha/beta=10 Gy, continuous variable) (-0.02,+0.02) (-0.02,+0.026)
Dose per fraction 0.002* 1.80 0.15 1.38
(Gy, continuous variable) (-0.55,+0.79) (-0.49,+0.76)
Planning target volume 0.28 1.00 0.19 1.00
(cm?, continuous variable) (0,0) (0,0)
Treatment technique 0.006* 275 0.0009* 3.70
(IMRT/VMAT vs. 3DCRT) (-1.25,+2.31) (-2.20,+5.59)
Weekly integral dose 0.0004* 1.05 0.002* 1.05
(L-Gy/week, continuous variable) (-0.03,+0.03) (-0.03,+0.04)

EQD2Gy, equivalent uniform dose at 2 Gy/fraction calculated using the linear quadratic model; 3DCRT, three- dimensional conformal radiation therapy; IMRT, intensity-modulated
radiation therapy; VMAT, volumetric- modulated arc therapy.
P-values <0.05 are in italics; the p-values of the variables used in the multivariable logistic regression are followed with a star(*).
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Patients REQUITE (n=543) DUE 01 (n=227) p-value

Age (years), 72 (67-76) 70.0 (68-75) 032

median and 1Q range

T-stage 0.27

T1 36% 61%

T2a 19% 19%

T2b 17% 8%

T2c 13% 10%

T3a 11% 1%

T3b 4% <1%

T4 1% 0%

Gleason score 0.0001

<7 23% 52%

3+4 38% 32%

4+3 21% 9%

>7 17% 6%

pre-RT PSA 0.001

<10 ng/ml 57% 84%

10-20 ng/ml 30% 14%

>20 ng/ml 13% 2%

Risk Class 0.0001

Low 12% 38%

Intermediate 58% 48%

High 31% 14%

RT Dose

Prescribed dose at 2 Gy/fr 76 (74-78) Gy 78 (76-78) Gy 0.001
(300 pts] [98 pts]

Prescribed dose at 2-2.7 Gy/fr 75 (65-77) Gy 70 (70-71.4) Gy 0.35
[91 pts] [125 pts]

in EQD2Gy (0/f = 10 Gy) 77.2 Gy 72 Gy 0.04

in EQD2Gy (o/B = 3 Gy) 80.2 Gy 749 Gy 003

Prescribed dose at >2.7 Gy/fr 60 (59.4-60.2) Gy 70.2 Gy 0.009
[152 pts] [4 pts]

in EQD2Gy (/B = 10 Gy) 65.0 Gy 76 Gy 0.61

in EQD2Gy (/B = 3 Gy) 72.0 Gy 842 Gy 0.003

Weekly integral dose 13.1 (10.2-19.3) 15.8 (13.2-19.3) 0.001

(L * Gy/week)

Irradiation technique 0.0001

3DCRT 17% 15%

SE-IMRT 13% 39%

VMAT 70% 46%

Hormone therapy 03

No hormone therapy 27% 58%

Antiandrogen therapy alone 4% 8%

GnRH analogs alone 40% 24%

Combined androgen blockade 29% 12%

1Q, interquartile; RT, radiotherapy; PSA, prostate-specific antigen; EQD2Gy, equivalent uniform dose at 2 Gy/fraction calculated using the linear quadratic model; 3DCRT, three-dimensional
conformal radiation therapy; GnRH, gonadotropin-releasing hormone, SF-IMRT, static-field intensity-modulated radiation therapy; VMAT, volumetric-modulated arc therapy.

The p-values for comparison of the clinic-pathological/dosimetric variables of the two cohorts are reported. For continuous features, the t-test was considered, while, for categorical
variables, the chi-square test was used.





