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Objective: The present work aimed to assess reoxygenation and tumor inhibition during fractionated radiotherapy (FRT) in murine tumors using 18F-fluoromisonidazole (18F-FMISO) and 18F-fluorothymidine (18F-FLT) based micro positron emission tomography/computed tomography (PET/CT).

Materials and Methods: A nude mouse xenograft model was established with the head and neck squamous carcinoma cell (FaDu), followed by administration of FRT. Imaging was carried out with both 18F-FMISO and 18F-FLT PET/CT, prior to FRT (Pre-FRT, 0 Gy), during FRT (Inter-FRT, 21 Gy), and after FRT (Post-FRT, 40 Gy). The maximum standardized uptake (SUVmax) and tumor-to-normal muscle ratio (TNR) were determined in regions of interest (ROIs) in 18F-FMISO and 18F-FLT PET/CT images. Then, hypoxic (HV) and proliferative tumor (PTV) volumes obtained by PET/CT were analyzed. Immunohistochemistry was performed to analyze the changes of hypoxia-inducible factor- (HIF)-1α, carbonic anhydrase 9 (CAIX), Ki67 and proliferating cell nuclear antigen (PCNA). Associations of the levels of these biomarkers with PET/CT parameters were analyzed.

Results: 18F-FMISO PET/CT demonstrated markedly elevated reduction rates of SUVmax (30.3 vs. 14.5%, p = 0.012), TNR (27.9 vs. 18.3%, p = 0.032) and HV (85.0 vs. 71.4%, p = 0.047) from Pre-FRT to Inter-FRT compared with values from Inter-FRT to Post-FRT. Meanwhile, PTV reduction rate in 18F-FLT PET/CT from Pre-FRT to Inter-FRT was significantly decreased compared with that from Inter-FRT to Post-FRT (21.2 vs. 82.7%, p = 0.012). Tumor HIF-1α, CAIX, Ki67, and PCNA amounts were continuously down-regulated during radiotherapy. TNR (FMISO) showed significant correlations with HIF-1α (r = 0.692, p = 0.015) and CAIX (r = 0.801, p = 0.006) amounts in xenografts, while associations of SUVmax (FMISO) with hypoxia markers were weak (r = 0.418, p = 0.041 and r = 0.389, p = 0.037, respectively). SUVmax (FLT) was significantly correlated with Ki67 (r = 0.792, p = 0.003) and PCNA (r = 0.837, p = 0.004).

Conclusions: Tumor reoxygenation occurs early during radiotherapy, while inhibition of cell proliferation by tumoricidal effects mainly takes place gradually with the course of radiotherapy. 18F-FMISO and 18F-FLT PET/CT are sensitive and non-invasive tools for the monitoring of tumor reoxygenation and proliferation during radiotherapy.
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INTRODUCTION

Hypoxia, commonly found in solid tumors (1), is considered to exert adverse effects on radiotherapy outcome, and shows an association with poor prognosis (2–5). Increased oxygen amounts, termed reoxygenation, is generally associated with radiation therapy. Reoxygenation is likely to play a positive role in increasing irradiation sensitivity, therefore improving tumor control (6). In order to achieve tumor reoxygenation, dose escalation in radiotherapy for hypoxic regions represents a common method. However, because radiation damages the surrounding non-cancerous tissues, the dose for a hypoxic tumor cannot exceed 200% of the standard one (7). Detection of reoxygenation and the degree of oxygen increase in tumors during fractionated radiotherapy is of great importance for dose adjustment in follow-up radiotherapy.

18F-fluoromisonidazole positron emission tomography/computed tomography (18F-FMISO PET/CT) non-invasively evaluates tumor hypoxia. Interestingly, FMISO uptake correlates with the “gold standard” of tissue measurement using invasive polarographic oxygen electrodes (8, 9), as well as pimonidazole uptake in animals with glioma (10). Our previous and several other studies have reported decreased FMISO uptake in hypoxic tumors during radiotherapy and post-treatment, indicating that reoxygenation occurs (11–16). However, cancer cells killed by irradiation no longer show FMISO uptake; thus, it is hard to correctly determine whether reduced FMISO uptake in radiotherapy results from tumor reoxygenation or reflects tumoricidal effects. In a study by Okamoto et al. (17), tumoricidal effects during radiotherapy were evaluated by assessing tumor metabolism using 18F-fluorodeoxyglucose (FDG) PET. However, irradiation usually causes radioactive inflammation, which can also exhibit FDG uptake. Uptake of 18F -FDG PET, therefore, could represent either the residual tumor or inflammation.

Apart from tumor oxygenation, another most influential factor affecting fractionated radiotherapy is the potential changes of cell proliferation, which indicates tumor activity. Fortunately, cell proliferation can be assessed by 18F-fluorothymidine (FLT) PET during radiation treatment. Indeed, the development of FLT as a PET tracer has enabled in vivo demonstration of cell proliferation (18). In vivo analyses suggested that FLT has higher tumor specificity than FDG, and can distinguish tumor tissue from inflammation (19, 20). Tumor cells with low FLT and FMISO uptake levels are considered to be inactive and will undergo death. Meanwhile, those with high FLT and low FMISO levels are active with no hypoxia.

In the current study, using an experimental murine tumor model, we investigated tumor reoxygenation and tumor proliferation changes during radiotherapy with 18F-FMISO PET/CT and 18F-FLT PET/CT prior to, during, and following fractionated radiotherapy (FRT), with the aim to detect the relationship between tumor reoxygenation and tumoricidal effects during radiotherapy.



MATERIALS AND METHODS


Establishment of Tumor Model

All experimental studies were approved by the Institute of Anhui Medical University, and followed AAALAC and IACUC guidelines. The head and neck squamous carcinoma cell line (FaDu) was from the Anhui Medical University animal center. Four to five weeks old female BALB/c nude mice (20–25 g), underwent anesthesia with 1% isoflurane and received a subcutaneous injection of 5.0 × 106 cells in 0.2 mL phosphate-buffered saline (PBS) into the right flank. Tumors of 6–7 mm in diameter (10 days after injection) were selected for experiments. Tumor diameters were measured every day, and gross tumor volume (GTV) was derived as: V (cm3) = length (cm) × width2 (cm2) × 0.5.



Irradiation of Tumors

Tumor-bearing mice were divided into two groups: (i) control group (n = 5) did not receive any treatment; (ii) IR group (n = 16) was exposed to 3 Gy daily to a maximum dose of 40 Gy with a VARIAN 23 EX medical linear accelerator (Varian Medical Systems, USA). The tumor-bearing mice were lightly anesthetized with 1% isoflurane and placed in a circular irradiation jig. Then, the tumor-bearing legs were gently extended into the central part of the jig, taped, and the animals were covered with a 3-mm-thick lead sheet. The irradiation factors were 6 mV, 6/100 Varian linear accelerator at a dose rate of 200 mU/min.



PET/CT Imaging

All mice were scanned with both 18F-FMISO and 18F-FLT PET/CT prior to (Pre-FRT, 0 Gy), during (Inter-FRT, 21 Gy), and after FRT (Post-FRT, 40 Gy). When reached a dose of 21Gy, radiotherapy was break for 2 days for Inter-FRT imaging. 18F-FMISO and 18F-FLT PET/CT scan (Inveon, Siemens, Micro PET research center of shanghai Ruijin hospital) were conducted on 2 consecutive days. Both 18F-FMISO and 18F-FLT were provided by the molecular imaging center of Shanghai Xinhua hospital (China), with radiochemical purity above 95% to qualify for use in imaging. For PET/CT, one dose of 5.55 MBq (150 μCi) of 18F-FMISO or 18F-FLT was intravenously administered to each mouse via the tail vein. PET was performed 2 h following 18F-FMISO and 1 h upon 18F-FLT administration, and image reconstruction was carried out with the Inveon Acquisition Workplace software v2.0 (Siemens Preclinical Solutions). CT-guided percutaneous biopsy was performed for pathological study at Pre-FRT and Inter-FRT while all mice were sacrificed for pathological analysis at Post-FRT.



Image Analysis

To evaluate tumor hypoxia, maximum standardized uptake (SUVmax) and the tumor-to-normal muscle ratio (TNR) were used in this study for quantitative assessment of 18F-FMISO PET/CT data. SUVmax was determined by assessing the maximal radioactivity in a region of interest (ROI). The TNR was derived as the tumor's SUVmax divided by the SUVmax of non-cancerous tissue. Hypoxia volume (HV) was the volume with TNR ≥1.25 (21). Tumor reoxygenation was analyzed according to TNR and HV changes. To assess tumor proliferation, we measured the tumor's SUVmax and calculated the proliferation target volume (PTV) in the 18F-FLT PET/CT image. The PTV was the volume with SUVmax >1.4 as previously reported (22). In 18F-FMISO and 18F-FLT PET/CT images, reduction rates from Pre-FRT to Inter-FRT were derived as (uptake in Pre-FRT—uptake in Inter-FRT)/uptake in Pre-FRT.



Pathological Assays

Tumor specimens underwent formalin fixation, paraffin-embedding, and sectioning at 4 μm for immunohistochemical staining. Hypoxia (hypoxia-inducible factor- [HIF-] 1α and carbonic anhydrase IX [CAIX]) and proliferation (the proliferation antigen Ki67 and proliferating cell nuclear antigen [PCNA]) markers were evaluated immunohistochemically. Antibodies raised against HIF-1α (1/200; Novus Biologicals, USA), CAIX (1/400; Santa Cruz, USA), Ki67 (1/500; Zhongshan Jinqiao, China) and PCNA (1/400, Santa Cruz) were probed. HIF-1α, CAIX, Ki67 and PCNA levels were obtained by counting stained cells in 10 randomly selected high-power fields (×400), and graded as follows based on the percentages of cells stained: 0+, 0–10%; 1+, 10–25%; 2+, 25–50%; 3+, 50–75%; 4+, >75%.



Statistical Analysis

All statistical analyses were performed with SPSS v17.0. Data are mean ± SD. Changes in SUVmax, TNR, HV, PTV and the expression levels of biomarkers Pre-FRT, Inter- FRT, and Post-FRT were analyzed by t-test. Associations of SUVmax, TNR and tumor volume with the above biomarkers were assessed by Pearson correlation analysis. P < 0.05 indicated statistical significance.




RESULTS


Gross Tumor Volume (GTV) Change

The preliminary studies were performed to maintain animal welfare and tolerance to the tumor and irradiation. However, even under the daily 2 Gy dose, owing to the continual increase in tumor volume, many tumors grew to exceed 8 or 10 mm in diameter. Consequently, the tumor ulceration and infection became issues of concern, and the increase in the abundance of necrotic tissue in the tumor may affect the detection of hypoxic tissue. Therefore, we increased the daily dose as 3 Gy and started the tumor radiotherapy when the diameter of the lesion was 6–7 mm to prevent the tumors from reaching the 10-mm ulceration threshold.

Ten days following tumor cell administration, the 16 animal models in IR group assessed showed overt subcutaneous tumors on the right hind flank. The tumor average diameter was 6.8 ± 0.4 mm pre-irradiation, corresponding to an average volume of 144 mm3. As shown in Figure 1, GTV increased during the first week of irradiation and began to decrease only after 18 Gy (6th day of radiotherapy). GTV increased on average by 24.3% from pre-irradiation (144 ± 29 mm3) to a cumulative dose of 18 Gy (179 ± 46 mm3), with a mean overall decrease of 45% by treatment end (50 Gy; 90 ± 18 mm3). Conversely, owing to the continual increase of GTV in the control group, some tumors grew beyond 10 and 12 mm in diameter. Thus, some of the tumor mice in the control group were sacrificed early for animal welfare.


[image: Figure 1]
FIGURE 1. Changes in GTV during radiotherapy (maximum dose 40 Gy) (n = 16).




PET/CT Data

As shown in Table 1, both 18F-FMISO-SUVmax and 18F-FMISO-TNR were markedly reduced from Pre-FRT to Post-FRT in the IR group. In addition, the reduced rates of SUVmax and TNR from Pre-FRT to Inter-FRT (30.3 and 27.9%, respectively) were significantly higher than those from Inter-FRT to Post-FRT (14.5 and 18.3%, respectively). For 18F-FLT PET/CT, 18F-FLT-SUVmax was significantly and continually decreased from Pre-FRT to Post-FRT; however, the reduction rate from Pre-FRT to Inter-FRT (36.8%) was similar to that from Inter-FRT to Post-FRT (51.0%; p = 0.087). Both HV and PTV were significantly decreased from Inter-FRT to Post-FRT. The mean reduction rate of HV from Pre-FRT to Inter-FRT (85%) was significantly elevated as compared to that from Inter-FRT to Post-FRT (71.4%), while the PTV reduction rate from Pre-FRT to Inter-FRT (21.2%) was remarkably lower as compared to that from Inter-FRT to Post-FRT (82.7%) (Figures 2, 3). Conversely, all the above PET parameters in the control group showed a significant continual increase during the study, which was due to the increased oxygen depletion and rapid tumor proliferation.


Table 1. Uptake changes detected by 18F-FMISO and 18F-FLT PET/CT at Pre-FRT, Inter-FRT, and post-FRT.
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FIGURE 2. 18F-FMISO and 18F-FLT-based micro-positron emission tomography (PET) detecting FaDu xenografts. White arrows indicate tumor location (Pre, Inter and Post represent data before (0 Gy), during (21 Gy), and after (40 Gy) radiotherapy, respectively). In 18F-FMISO PET images, the TNR, SUVmax, and HV were significantly decreased from Pre-FRT to Inter-FRT (p < 0.001, p < 0.001, p = 0.031, respectively) and from Inter-FRT to Post-FRT (p = 0.004, p = 0.008, p = 0.025, respectively). In 18F-FLT PET images, SUVmax and PTV were significantly decreased from Pre-FRT to Inter-FRT (p = 0.032, p = 0.041, respectively) and from Inter-FRT to Post-FRT (p = 0.017, p < 0.001, respectively).



[image: Figure 3]
FIGURE 3. TNR, SUVmax, HV and PTV changes detected by 18F-FMISO PET/CT and 18F-FLT PET/CT, respectively. (A) Changes of TNR (FMISO) detected by 18F-FMISO PET/CT during radiotherapy. (B) Changes of SUVmax detected by 18F-FMISO PET/CT during radiotherapy. (C) Changes of SUVmax detected by 18F-FLT PET/CT during radiotherapy. (D) Changes of HV detected by 18F-FMISO PET/CT during radiotherapy. (E) Changes of PTV detected by 18F-FLT PET/CT during radiotherapy. The reduction in all parameters was significant. *P < 0.05, **P < 0.01, ***P < 0.01 by Student's t-test (n = 16). TNR, tumor-to-normal muscle ratio of maximum radiotracer uptake; HV, hypoxic volume; PTV, proliferative tumor volume; FRT, fractionated radiotherapy.


Of all the tumor-bearing mice in the IR group, five tumors showed hypoxia during Inter-FRT FMISO PET, which persisted Post-FRT in one mouse. Interestingly, decreased HV could render these lesions highly resistant to radiotherapy. Furthermore, nine tumor-bearing mice showed strong proliferation at Inter-FRT FLT PET, and the positive uptake persisted Post-FRT in four mice.



Expression Levels of Hypoxia and Proliferation Markers

Pathological examination was performed Pre (at 0 Gy), Inter (at 21 Gy) and Post (at 40 Gy) radiotherapy (Figure 4). Immunohistochemical assays were carried out to evaluate tumor hypoxia (HIF-1α, CAIX) and proliferation (Ki67, PCNA) markers. There were 77.63 ± 15.96, 32.76 ± 8.47 and 11.33 ± 5.71% cells with positive HIF-1α staining at Pre-FRT, Inter-FRT and Post-FRT, respectively. Cells expressing CAIX at Pre-FRT, Inter-FRT and Post-FRT accounted for 82.56 ± 10.33, 37.32 ± 7.28, and 13.12 ± 6.12%, respectively. There were 77.54 ± 16.42, 48.76 ± 7.24, and 8.31 ± 6.12% cells expressing Ki67 at Pre-FRT, Inter-FRT and Post-FRT, respectively. PCNA at Pre-FRT, Inter-FRT and Post-FRT was expressed by 72.96 ± 18.49, 43.11 ± 6.77 and 10.12 ± 5.82% cells, respectively. These tumor biomarkers showed significant differences between Pre-FRT and Inter-FRT (p < 0.05), and between Inter-FRT and Post-FRT (p < 0.05). These findings suggested hypoxia and proliferation markers were continuously down-regulated during radiotherapy, which was consistent with PET imaging data.


[image: Figure 4]
FIGURE 4. Immunohistochemical assessment of multiple tumor biomarkers before, during and after radiotherapy. All the indicated biomarkers in tumors were continuously downregulated during irradiation. P < 0.05 by Student's t-test (n = 16). HIF-1α, hypoxia-inducible factor; CAIX, carbonic anhydrase 9; Ki67, proliferation antigen; PCNA, proliferating cell nuclear antigen.




Associations of Uptake of Radiotracers With Tumor Volume (HV, PTV and GTV)

Both SUVmax (FMISO) and TNR (FMISO) were significantly associated with HV (r = 0.686, p = 0.024 and r = 0.763, p = 0.016, respectively), but showed no associations with GTV (r = 0.325, p = 0.178 and r = 0.145, p = 0.216, respectively). SUVmax (FLT) was significantly correlated with PTV (r = 0.842, p = 0.009), but showed no correlation with GTV (r = 0.211, p = 1.435) (Table 2).


Table 2. Correlation analysis between PET tracers and tumor biological parameters.
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Associations of Uptake of Radiotracers With Tumor Markers

TNR (FMISO) was significantly correlated with hypoxia markers, including HIF-1α and CAIX (r = 0.692, p = 0.015 and r = 0.801, p = 0.006, respectively). Meanwhile, weak correlations were found between SUVmax (FMISO) and hypoxia markers (r = 0.418, p = 0.041 and r = 0.389, p = 0.037, respectively). No significant associations were detected of FMISO uptake with proliferation markers. SUVmax (FLT) was significantly correlated with Ki67 and PCNA (r = 0.792, p = 0.003 and r = 0.837, p = 0.004, respectively). SUVmax (FLT) was not associated with hypoxia markers (Table 2).




DISCUSSION

Radiotherapy has been used extensively to treat cancer patients because it damages most solid tumors without penetration limits. It is well-known that the “four R's” (repair of DNA damage, redistribution of cells in the cell cycle, repopulation, and reoxygenation of hypoxic tumor areas) play a role in radiotherapy. In this study, we mainly explored reoxygenation and tumor proliferation during radiotherapy. Among the “four R's,” reoxygenation may be the most important in fractionated radiotherapy (23). A hypoxic microenvironment in solid tumors leads to severe radioresistance, which results in poor efficacy of radiotherapy. The maximal benefit of fractionation against tumors is attributed to the reoxygenation of surviving hypoxic cells before the next fraction. The assessment of tumor hypoxia during treatment discriminates between radiosensitive and radioresistant tumors, and hence, the application of doses in different areas can be optimized to maximize the tumor damage and protect normal tissue.

In the current study with head and neck squamous carcinoma (FaDu) xenograft model, serial 18F-FMISO and 18F-FLT PET/CT scans showed tumor reoxygenation and gradual decline in tumor cell proliferation during radiotherapy. FMISO uptake was reduced earlier than FLT uptake during radiotherapy. The reduction rates of FMISO uptake and HV at the beginning of radiotherapy (from 0 to 21 Gy) were significantly higher than those observed in the late phase of treatment (from 21 to 40 Gy). However, the decrease of FLT uptake gradually with the course of radiotherapy. Compared with the significant reduction of hypoxia, SUVmax (FLT) and PTV were still at relatively high levels at Inter-FRT. These findings support our previous hypothesis that “the tumor is still active, but not hypoxic.” In case such assumption holds, the current data suggest that the amounts of hypoxic cells are reduced earlier than those of active cells during fractionated radiation treatment. In other words, reduction in FMISO uptake in the early phase indicates tumor reoxygenation rather than tumoricidal effects.

In this study, HV was significantly decreased in Inter-FRT 18F-FMISO PET/CT at 21 Gy; meanwhile, PTV reduction in the early phase of treatment was markedly less pronounced than that of HV. It is well-known that tumor cells with hypoxia are more radiation-resistant than oxygenated counterparts (24, 25). Thus, hypoxic cancer cells are not likely killed earlier by irradiation compared with non-hypoxic ones. More likely, cells with elevated FMISO uptake in the HV pre-radiotherapy turned into cells with reduced FMISO uptake. This corroborated a previous study of patients with primary head-and-neck cancer by Okamoto et al. (17).

In addition, the FMISO uptake is continued in five tumor-bearing mice (31.2%, 5/16) at Inter-FRT and one tumor-bearing mouse (6.2%, 1/16) at Post-FRT. FMISO PET during radiotherapy may contribute to the detection of such highly radioresistant tumors. Clinically, this phenomenon indicated that additional chemotherapy or molecular targeted therapy might be needed for these patients.

Reoxygenation occurred early after radiotherapy initiation as shown above; this is consistent with previous reports assessing other xenograft tumor cell lines or in vivo tumors (5, 26). However, Harriss et al. (6) reported that reoxygenation occurs until near the end of irradiation treatment, based on pO2 measurements using the OxyLab probe. There are many possibilities which could explain such discrepancy. Tumor oxygenation depends on multiple individual features such as the amounts of cells under hypoxia, the extent of oxygen elevation, and the timing/progression of such effect during treatment (27, 28). Tumor type, volume and vascularization, as well as the structure and pressure of neighboring tissues are influential factors for reoxygenation initiation (6). As a consequence, pre-treatment evaluation of tumors is critical if individualized radiotherapy is to be implemented.

Mice underwent exposure to 3 Gy daily in this study. As shown in Figure 1, GTV was increased during the first week of radiotherapy, and began to decrease only after a cumulative dose of 18 Gy. In contrast, HV and PTV decreased gradually with increasing radiotherapy time. These findings indicate that tumor volume has no sensitivity for early efficacy assessment. Gross tumor volume is influenced by various factors such as fibrosis components, infiltration of inflammatory cells and the rate at which apoptotic cancer cells are cleared (29). Thus, functional imaging should be used for early efficacy evaluation in clinic.

In order to detect changes of the microenvironment in tumor cells during radiotherapy, immunohistochemical assays were performed at Pre-FRT, Inter-FRT, and Post-FRT. Biomarkers specific to cancer are frequently employed for monitoring tumor occurrence and progression. It is admitted that the adaptation of tumor cells to the hypoxic microenvironment is regulated by HIF-1a, which is considered an independent biomarker of response to hypoxia (30). HIF-1a activation promotes the expression of CAIX, which controls intra- and extra-cellular pH homeostasis in hypoxic conditions (31). Overexpression of CAIX is correlated with poor survival/prognosis in solid tumors (32, 33). In a study by Chen et al. elevated CAIX amounts were shown to promote tumor progression (34). Furthermore, the proliferation antigen Ki67 is closely associated with cell mitosis, playing a vital role in the initiation of cell proliferation (35). Proliferating cell nuclear antigen (PCNA) is an important trigger of multiple events in DNA replication, repair and recombination in eukaryotes and archaea, thus regulating cell proliferation (36). In this study, all these biomarkers were progressively down-regulated during radiotherapy, corroborating PET/CT imaging data. Moreover, statistical analysis showed that PET/CT imaging parameters had close associations with hypoxia and proliferation markers, further supporting the feasibility and effectiveness of non-invasive PET/CT monitoring in tumor radiotherapy.

New therapeutic strategies, especially dose escalation to the hypoxic area, is expected to improve the prognosis of patients. Thus, the evaluation of dynamic changes in intratumoral hypoxic and proliferative states by a dual-tracer study illuminates the understanding of tumor biology after radiotherapy, thereby facilitating its planning, including dose escalation and altered fraction schedules. Dose escalation requires an accurate determination of the hypoxic area in order to target the hypoxia. New developed PET scanners with high spatial resolution and the new generation of hypoxic tracers with lower lipid solubility [for example, 18F-fluoroazomycin arabinoside (18F-FAZA)] would have the potential to accurately demarcate the hypoxic area with high contrast (37).

This study was limited by its small sample size. In addition, the survival rate and prognosis of reoxygenated tumors after radiotherapy were not assessed. Additional research is needed to confirm these findings, especially studies involving patients.



CONCLUSION

Reoxygenation of hypoxic tumors occurs early after radiotherapy initiation. In contrast, cell proliferation inhibition associated with tumoricidal effects takes place gradually with the course of radiotherapy. Finally, 18F-FMISO and 18F-FLT PET/CT are sensitive and non-invasive tools for monitoring tumor reoxygenation and activity during fractionated radiotherapy.
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