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Abstract 

Purpose: a) To investigate if an ex vivo cultured and irradiated tumor biopsy reflects and 

predicts the radiation response of the corresponding in vivo irradiated tumor measured with 

the DNA double strand break marker γH2AX foci.  

Materials and methods: Five human head and neck squamous cell carcinoma (hHNSCC) 

xenograft models were used. Fine needle biopsies were taken from anesthetized tumor-

bearing NMRI nude mice prior to in vivo single dose irradiation (0, 2, 4, or 8 Gy) under ambient 

blood flow. Biopsies were ex vivo reoxygenated and irradiated with equivalent doses. Tumors 

and biopsies were fixed 24 h post irradiation, and γH2AX foci were assessed in oxygenated 

tumor regions.  

Results: Linear regression analysis showed comparable slopes of the residual γH2AX foci 

dose response curves in four out of five hHNSCC models when in vivo and ex vivo cohorts 

were compared. The slopes from ex vivo biopsies and in vivo tumors could classify the 

respective tumor model as sensitive or resistant according to the intrinsic radiation sensitivity 

(TCD50).  

Conclusion: The ability of ex vivo irradiated tumor biopsies to reflect and predict the intrinsic 

radiation response of in vivo tumors increases the translational potential of the ex vivo γH2AX 

foci assay as a diagnostic tool in clinical practice. 

Introduction 

The standard of care for advanced HNSCC comprises surgery followed by 

radio(chemo)therapy or, alternatively, primary radio(chemo)therapy with a total radiation dose 

of ~70 Gy for combined fractionation. Although a routine pathological investigation classifies 

tumor grade and stage prior to initiation of radio(chemo)therapy, the classification generally 

disregards the patient-dependent intrinsic radiosensitivity, which importantly influences 

treatment outcome [1–4]. Thus, a predictive assay that supports physicians to prescribe an 

individualized radiation dose could improve treatment outcome and reduce excess toxicity [1–

7].  

One of the available molecular biomarkers for the determination of intrinsic radiosensitivity is 

the phosphorylated histone H2AX (γH2AX). Phosphorylation occurs within seconds after 

irradiation at serine 139 in vicinity of a DNA double strand break (DSB) [8]. The formed γH2AX 

foci are microscopically detectable and serve as a specific, sensitive, robust, and 

straightforward DNA DSB biomarker [9–14]. GammaH2AX foci demonstrated a promising 

capability in stratifying tumors according to their intrinsic radiosensitivity. Previously, residual 

γH2AX foci (24 h post irradiation) predicted the radiation response of in vivo irradiated 
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hHNSCC xenograft tumors [15,16]. Based on this, a clinical relevant ex vivo γH2AX foci assay 

was established, showing its predictive potential in specimens of established tumor models 

and surgical patient-derived biopsies by grouping them according to the known clinical 

radiosensitivity [17–20]. However, evidence that an ex vivo cultured and irradiated tumor 

biopsy can reflect and predict the radiation response of the corresponding in vivo irradiated 

tumor is still missing. In this study, fine needle biopsies were taken from xenotransplanted 

hHNSCC prior to a single dose irradiation to the tumor. The biopsies were exposed to radiation 

with equivalent doses and γH2AX foci, as a marker of DNA double strand breaks, were 

assessed in both in vivo tumors and ex vivo biopsies. This experimental design allowed for a 

matching comparison of radiation response between the in vivo and ex vivo scenario. The 

experimental tumor models were categorized according to the slopes of the dose-response 

curves (SDRC) of residual γH2AX foci, a potential radiation sensitivity predictor [15,18,19], and 

their radiation sensitivity based on previously determined data [15,16,21] to assess the 

prediction capability of the ex vivo assay.  

Materials and Methods 

Animal and experimental tumor models 

Five established hHNSCC lines i.e., SKX, FaDu, Cal33, UT-SCC-5, and UT-SCC-45 were 

investigated. Characteristics of these tumor models [15,22,23] as well as their 

xenotransplantation were previously described [15,21,24]. In brief, 7 - 14 weeks old male and 

female NMRI (nu/nu) mice from the pathogen-free animal breeding facilities (Experimental 

Center and OncoRay, Faculty of Medicine, Technische Universität Dresden, Germany) were 

whole body irradiated with 4 Gy 2 - 5 days prior to transplantation (X-rays, Maxishot 200 

Y.TU/320-D03, Yxlon Int., Hamburg, Germany; 200 kV, 20 mA; 0.5 mm Cu filter; dose rate 

1 Gy/min). Small pieces of a source tumor were subcutaneously transplanted on the hind-leg 

of anesthetized mice (Ketamine ([Ketamin 500 Curamed®, Curamed Pharma, Karlsruhe, 

Germany] 100 mg/kg) and Xylazine ([Rompun®, Bayer Healthcare, Leverkusen, Germany] 

10 mg/kg)). Microsatellite, histology, and volume doubling times were assessed for validation 

of tumor lines. The animal facilities and the experiments were approved by the regulatory 

authorities and followed the institutional guidelines as well as the German animal welfare 

regulations. 

In vivo and ex vivo experimental settings 

Figure 1 summarizes the workflow of the in vivo and ex vivo procedures. Animals bearing 

tumors with a maximum diameter of ~10x10 mm (~1 cm2) were anesthetized and randomly 

allocated to the treatment arms. Fine needle biopsies (BioPince 18G, 1.3 mm, Angiotech-

Medical Device Technologies Inc., Gainesville, USA) were taken. Tumor biopsies were 
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immediately transferred into petri dishes coated with 1.5% agarose (A9539, Sigma–Aldrich, 

Taufkirchen, Germany)). Biopsies were maintained in 2.5 ml Dulbecco’s MEM culture medium 

supplemented with 2% HEPES, 1% Na pyruvate, 1% non-essential amino acids, 1% penicillin 

streptomycin (all Biochrom, Berlin, Germany); and 10% FCS (Sigma-Aldrich, Taufkirchen, 

Germany) at 37°C and 5% CO2.  

In vivo irradiation: After recovery from anesthesia, animals were intraperitoneally injected with 

0.1 mg/g body weight pimonidazole (hypoxia marker; Natural Pharmacia International, 

Belmont, MA, USA) and 3.75 mg bromodeoxyuridine (BrdU; proliferation marker; SERVA 

electrophoresis, Heidelberg, Germany) 1 h prior to irradiation. Tumor-bearing legs were locally 

irradiated with single doses of 0, 2, 4, or 8 Gy of X-rays under ambient blood flow. Animals 

were sacrificed 24 h post irradiation. Tumors and the overlying skin were excised; sebaceous 

glands served as positive controls for pimonidazole incorporation. Tumors were fixed in 4% 

formalin and embedded in paraffin. 

Ex vivo irradiation: tumor biopsies were incubated for 20 h prior to media supplementation and 

4 h incubation with 8.5 µmol pimonidazole and 5 µmol BrdU. Four biopsies from SKX, FaDu, 

and UT-SCC-5 tumors were ex vivo exposed to single doses of 0, 2, 4, or 8 Gy (one dose/ 

biopsy). Due to experimental complications e.g., high necrotic fraction and low numbers of 

viable cells within a biopsy, using two biopsies per dose per tumor was more applicable for 

γH2AX foci evaluation. Therefore, two biopsies from Cal33 and UT-SCC-45 tumors received 

the corresponding dose of the in vivo tumor. Immediately after radiation exposure, culture 

medium was exchanged to remove excess pimonidazole and BrdU. Tumor biopsies were fixed 

in 4% formalin and embedded in paraffin 24 h post radiation exposure.  

Staining, imaging acquisition, and γH2AX evaluation 

The immunohistochemical and immunofluorescence staining procedures were previously 

described [15–17,20]. In brief, two consecutive 3 µm sections of the central part of tumors or 

biopsies were stained for a) immunohistochemistry (IHC): pimonidazole (Hypoxyprobe, 

Burlington, MA, USA), BrdU (Agilent Technologies, clone Bu20a, Hamburg, Germany), and 

counterstained with hematoxylin; or b) immunofluorescence (IF): γH2AX at serine 139 (Merck 

Millipore, Upstate, clone JBW301, Darmstadt, Germany) and counterstained with 4’,6-

diamidino-2-phenylindole (DAPI; Invitrogen, Karlsruhe, Germany). ARKTM Kit (Animal 

Research Kit; Agilent Technologies Deutschland, Hamburg, Germany) and Tyramide Signal 

Amplification (TSA) Kits #2 (Alexa 488, Life Technologies, Darmstadt, Germany) were applied 

for IHC and IF, respectively. Image acquisition for IHC and IF was carried out by a fluorescence 

microscope (Axio Imager M1) equipped with dual cameras (digital color camera: 

Axiocam MRc, monochrome camera: AxioCam MRm; Carl Zeiss Jena, Jena, Germany) and a 
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motorized scanning stage (Maerzhaeuser Wetzlar, Wetzlar, Germany). The microscope was 

controlled by the AxioVison 4.9 software (Carl Zeiss Jena, Jena, Germany). IHC stained 

sections were scanned with a magnification of 100X using the digital color camera. 

Subsequently, ten (in vivo) regions of interest (ROI) were selected for IF image acquisition. 

Due to the characteristic of xenograft tumors in which the core of the tumor is highly necrotic, 

and viable tumor cells are located at the growing outer cell layers, biopsy taken from xenograft 

tumors contained a low number of analyzable cells located at each end of the biopsy. As a 

result, five to seven ROIs/ biopsy (ex vivo) could be evaluated. The criteria for the ROI selection 

were as follows; (a) in vivo: a single mouse blood vessel surrounded by multiple BrdU positive 

but pimonidazole negative (oxic) cells; (b) ex vivo: tissue at the outer rim of the biopsy with 

multiple BrdU positive but pimonidazole negative (oxic) cells. For each ROI, a focus stack 

image (17 individual images with a focus interval of 0.25 µm) at 400X magnification was 

acquired. All focal planes of the stack image were calculated to a single extended depth of 

focus image for γH2AX foci evaluation. Within each ROI, oxic cells (in vivo: ≤ 45 µm from 

vessel) with intact nuclei were numbered for randomization and five to ten (in vivo) or ten 

(ex vivo) of these nuclei were randomly selected for foci determination. Manual and blinded 

evaluation of residual γH2AX foci and nuclear area was carried out. Necrotic, apoptotic, 

S-phase, and differentiated cells were excluded from analysis. Supplement figure 1 shows 

exemplary images for IHC and IF staining with annotations for foci analysis. Supplement 

table 1 provides information on total and analyzed numbers of tumors, biopsies and nuclei. 

Data processing and statistical analysis 

As the nucleus area of the randomly selected nuclei is not homogenously distributed, data 

were corrected for the nucleus area [15–17,20,25]. Residual corrected foci of an individual 

nucleus (݂ܿ݅ܿ݋௜) was calculated by multiplying residual γH2AX foci numbers of an individual 

nucleus (݂݅ܿ݋௜) with the quotient of the mean nucleus area of the corresponding tumor or biopsy 

 .(Eq. 1) (௜ܽ݁ݎܽ) and the area of the individual nucleus (തതതതതതܽ݁ݎܽ)

 
௜݅ܿ݋݂ܿ = ௜݅ܿ݋݂ × ൬

തതതതതതܽ݁ݎܽ
௜ܽ݁ݎܽ

൰ (1) 

Residual normalized foci of an individual nucleus (݂݊݅ܿ݋௜) from an exposed sample were 

calculated by subtracting ݂ܿ݅ܿ݋௜ from the exposed sample with a mean cfoci of the unexposed 

tumors or biopsies (݂ܿܿ݋ଓ଴തതതതതതതതത) (Eq. 2). Negative ݂݊݅ܿ݋௜ were set to zero under the assumption of 

no negative irradiation induced foci.  

௜݅ܿ݋݂݊  = ௜݅ܿ݋݂ܿ −  ଓ଴തതതതതതതതത (2)ܿ݋݂ܿ

Statistical analysis was performed with SPSS 23 (IBM Deutschland, Ehningen, Germany). 

Graphs were plotted with GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA).  
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A mean residual cfoci or nfoci per tumor and biopsy was calculated. The correlation of the 

mean residual cfoci or nfoci and the radiation doses was determined by linear regression 

analysis. Analysis of covariance (ANCOVA) was applied to compare the regression slopes and 

constants (estimated endogenous foci - offsets). The regression slopes and offsets were 

plotted against previously reported local tumor control data [15,16,21] after single 

(TCD50(SDambient)) or fractionated (30 fractions, 6 weeks; TCD50(30fx/ 6weeks)) radiation exposure 

under ambient blood flow. The comparability between the procedures was assessed by 

Bland-Altman analysis. The threshold for statistical significance was defined as P < 0.05. 

Results  

The characteristics of analyzed samples of tumors (in vivo) and biopsies (ex vivo) were 

summarized in supplement table 1. Due to predominant necrotic tissue or tumor cell 

differentiation, analyzable tumors and biopsies ranged between 42.5% (SKX) - 94.4% (Cal33) 

for the in vivo cohort as well as 50.7% (SKX) - 88.9% (Cal33, UT-SCC-45) for the ex vivo 

cohort, respectively. Beside the variations in usable samples, tumor cell density in ROI 

influenced the total analyzable nuclei ranging in vivo from 5,571 (SKX) - 18,790 (Cal33) nuclei 

and ex vivo from 9,851 (SKX) - 37,876 (UT-SCC-5) nuclei. However, equal or lower amounts 

of analyzable cell nuclei could be found in ex vivo biopsies relative to in vivo tumors. 

Supplement figure 1 shows representative images of in vivo tumors and ex vivo biopsies. The 

latter showing BrdU positive cells in the outer, oxic tissue rim and a central hypoxic tissue core 

while in vivo, BrdU positive and oxic cells surround the vessels similar to previous reports 

[15,17,20].  

We investigated whether residual γH2AX foci determined in ex vivo irradiated biopsies can 

reflect radiation response of in vivo irradiated tumors. Comparison of residual cfoci between 

tumors and the corresponding biopsies exposed to equivalent doses were analyzed. In all 

tumor models, a good degree of comparability was observed as indicated by Bland-Altman 

analysis (Suppl. Fig. 2). A dose dependent linear increase of residual γH2AX cfoci and nfoci 

was observed in most of tumor models following in vivo and ex vivo radiation exposure, exempt 

residual cfoci of ex vivo irradiated UT-SCC-5. (cfoci: Suppl Fig 3; Suppl. Table 2; nfoci Fig. 2, 

Table 1).  

The slopes of does response curves (SDRC) of residual nfoci ranged from 0.38 (FaDu) - 1.50 

(UT-SCC-45) for in vivo irradiated tumors, and from 0.19 (FaDu) - 1.48 (UT-SCC-45) for ex vivo 

irradiated biopsies. With the exemption of FaDu, no statistical difference between the slopes 

of the in vivo and ex vivo cohort could be found (Table 1). Ex vivo irradiated FaDu biopsies 

exhibited a significant, ~2-fold lower dose response compared to in vivo irradiated tumors 

(slope of in vivo/ex vivo; P < 0.0001). A similar result was observed in the regression slopes of 
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residual cfoci except for a significant difference in the offsets of dose response curves (ODRC) 

between in vivo and ex vivo cohorts of UT-SCC-45 (Suppl. Table 2).  

As previously reported, SDRC of residual nfoci could potentially be used as a radiation 

response predictor [17]. The SDRC were plotted against the dose needed to control 50% of 

in vivo irradiated tumors locally i.e., TCD50, following fractionated (TCD50(30fx/6weeks), Fig. 3A) or 

single dose irradiation (TCD50(SDambient), Fig. 3B). A range of possible cut-off values for the 

SDRC (0.55 – 0.7) was determined as it discriminates the tumor models for both TCD50 values 

in a resistant and a sensitive population. Moreover, tumor models with a TCD50(30fx/6weeks) above 

the clinical standard dose for primary radiotherapy of ~70 Gy showed lower SDRC (≤ 0.55; 

UT-SCC-5, Cal33, FaDu) while tumor models with lower TCD50(30fx/6weeks) exhibit higher SDRC 

(≥ 0.7). In contrast, SDRC and ODRC of residual cfoci demonstrated an insufficient potential 

in the differentiation of radiosensitivity (Suppl. Fig 4). 

Discussion 

This study is aiming to further enhance the relevance and to translate the γH2AX foci assay 

as a clinically predictive tool for determining intrinsic radiation sensitivity in tumors. Depending 

on their intrinsic radiosensitivity, the response to radiation among patients varies considerably 

[1–7]. Applying a patient-individualized dose based on molecular determinants, omics data, 

and mathematical modelling could offer an improvement of therapeutic outcomes and an 

alleviation of normal tissue toxicity [1,4–6,11,14,26,27]. Among molecular-biomarker based 

assays for the determination of radiation response, the γH2AX foci assay holds a promising 

potential to become a predictive biomarker in clinical practice [14,16–20,25]. However, it is 

currently unclear whether γH2AX foci determined in biopsies can reflect and predict the 

radiation response of the corresponding bulk tumor [14,20,25]. Here, of five hHNSCC models 

with known radiosensitivity, residual γH2AX foci in irradiated tumors in vivo and the 

corresponding biopsies taken from untreated tumors and irradiated ex vivo were evaluated. 

Radiation response was determined by SDRC of residual γH2AX foci. To assess the predictive 

value of the assay, the slopes were compared with the previously reported tumor 

radiosensitivity (TCD50) data [15,16,21]. 

In previous studies, SDRC of residual γH2AX foci demonstrated predictive potential for 

stratifying experimental tumors and patient-derived tumors based on clinically known intrinsic 

radiosensitivity tumors [17–19]. However, those studies exclusively assessed radiation 

induced residual γH2AX foci following ex vivo exposure. To our knowledge, this is the first 

study showing a matching comparison of radiation-induced residual γH2AX foci between 

locally irradiated tumor xenografts (in vivo) and tumor biopsies (ex vivo) taken from xenograft 

tumors prior to radiation exposure. The result demonstrates comparable SDRC of residual 
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nfoci and cfoci of the in vivo irradiated tumors and the ex vivo irradiated biopsies in four out of 

five tumor models. The SDRC values of residual γH2AX nfoci were able to distinguish between 

radioresistant and radiosensitive models. Generally, a total dose up to 70 Gy is applied in 

primary radio(chemo)therapy for head and neck cancer (HNC) [28]. Of note, all the evaluated 

radioresistant tumor models (UT-SCC-5, Cal33, and FaDu) have a fractionated TCD50 value 

higher than the conventional therapeutic dose of 70 Gy. Moreover, the radioresistant tumor 

models showed that the SDRCs of residual γH2AX nfoci were lower than the proposed cut-off 

range of 0.55 – 0.7, while the SDRCs of the radiosensitive tumor models (UT-SCC-45 and 

SKX) were higher than the proposed range. Therefore, a SDRC value might be a suitable 

indicator for discriminating radiosensitive and radioresistant tumors in the clinics. This is in line 

with a recent study on HNC patient-derived biopsies reported a similar cut-off of 0.7 for SDRC 

of residual nfoci [29]. An investigation on additional hHNSCC tumor models and 

patient-derived materials is ongoing to verify the proposed cut-off range.  

The human papillomavirus (HPV) infection status has been shown to be a significant 

prognostic marker for radiation response of HNSCC. HPV positive HNSCC patients 

demonstrated a favorable prognosis [30–34] and HPV positive HNC cells are more highly 

susceptible to radiation compared to HPV negative HNC cells [35,36]. In this study, offsets of 

dose response curves (ODRC) of residual γH2AX foci did not correlate with the radiation 

response of the tumor models (Suppl. Fig 4). The HPV negative, and due to a defective DNA 

damage machinery [23,37], highly radiosensitive model SKX showed a low endogenous 

γH2AX foci number [16] and low ODRC in the both cohorts. In contrast, the HPV positive 

UT-SCC-45 model demonstrated an increased radiosensitivity and a high number of 

endogenous foci [16], which is possibly related to the replication process of HPV. DNA damage 

proteins including γH2AX, 53BP1 and others are activated and recruited to HPV replication 

sites to promote viral genome amplification and stability [38,39].  

Tumor heterogeneity is among the cellular complexities that greatly encumbers the translation 

of molecular biomarkers to the clinics [40,41]. In our previous report, a high intratumoral 

heterogeneity of residual γH2AX foci was detected in hHNSCC models (UT-SCC-5, FaDu, 

SKX) [20]. Likewise, intratumoral heterogeneity in residual γH2AX foci was more pronounced 

as compared to intertumoral heterogeneity (data not shown). In line with our previous report, 

the intra- and intertumoral heterogeneity in the γH2AX foci assay was more pronounced in the 

ex vivo irradiated biopsies than in the in vivo irradiated tumors, which probably contributes to 

the significant difference in the SDRC of residual nfoci and cfoci between the FaDu cohorts 

[20,25]. 
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Despite the high sensitivity of the γH2AX foci assay, its quantification is labor-intensive and 

observer-dependent [14]. (Semi-) automated foci counting algorithms [13,42–44] or 

commercialized software [12,45,46] were implemented in basic- and translational researches. 

Those algorithms and software are, however, currently unsuitable for tissue specimens due to 

complex morphological organization of tumor tissues e.g., cells overlap, varying cell types, and 

complex micromilieu. The evolution of artificial intelligence (AI) has permitted researchers to 

apply machine learning techniques in microscopy [47], radiology [48], detection of melanomas 

[49] as well as outcome prediction in colorectal cancer based on recognition of tissue patterns 

[50]. The advance of AI technology might enable us to overcome the technical challenges in 

cell and foci recognition process. This could pave the way for the development of a non-biased, 

reliable automatic foci-counter for solid tissue specimens therewith the assay could potentially 

be translated, standardized, and implemented as a clinical application in precision radiotherapy 

[11,14].  

In conclusion, with the exception of FaDu tumors, ex vivo irradiated biopsies reflected radiation 

response of in vivo irradiated tumors determined by the γH2AX foci assay. Comparable 

outcomes in γH2AX foci as well as the slopes of dose response curves of residual γH2AX nfoci 

and cfoci between in vivo and ex vivo cohorts were observed. Moreover, the SDRC of residual 

γH2AX nfoci were capable of differentiating radiosensitive and radioresistant tumors based on 

their intrinsic radioresponsiveness. The outcome of this study needs to be validated in (pre-) 

clinical studies with a larger cohort. For further classification into more radiation response 

groups, refinement of the assay by modelling with further biomarkers would be necessary. 
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Fig. 1. Overview of the experimental workflow and γH2AX foci analysis procedures  
In vivo: after recovery from anesthesia, mice were injected with pimonidazole and BrdU 1 h 
prior to a single dose radiation exposure with 0, 2, 4, or 8 Gy. Ex vivo: Four biopsies from 
anesthetized mice bearing SKX, FaDu, and UT-SCC-5 tumors were taken and each biopsy 
was ex vivo exposed to a single dose irradiation of 0, 2, 4, or 8 Gy (one biopsy/ dose). Due to 
experimental complications e.g., high necrotic fraction and low numbers of viable cells within 
a biopsy, the experimental protocol was adapted for Cal33 and UT-SCC-45. Here two biopsies 
per tumors were taken and exposed to a single dose irradiation corresponding to the dose 
applied for the in vivo tumor. Tumors and biopsies were fixed in formalin and embedded in 
paraffin. Gamma H2AX foci were enumerated and analyzed. (IHC: Immunohistochemistry, IF: 
Immunofluorescence, FFPE: Formalin-Fixed Paraffin-Embedded) 

 
Fig. 2. Dose response curves of residual γH2AX nfoci of in vivo irradiated tumors and 
ex vivo irradiated biopsies.  
Linear regression analysis of residual γH2AX nfoci (24 h post irradiation) as a function of 
radiation dose was performed across five hHNSCC tumor models. Symbols (open circle: 
in vivo; open triangle: ex vivo) and error bars represent mean nfoci and standard error of mean 
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(SEM), respectively. The regression constant was adjusted to zero. ANCOVA was applied to 
compare between the slopes of the dose response curves of irradiated tumors and irradiated 
biopsies for each tumor model (Table 1). 

 

Fig. 3. Classification of radiation sensitivity based on tumor control dose 50% (TCD50) 
and slope of dose response curve (SDRC) of residual γH2AX nfoci 
TCD50(30fx/6weeks) (A) or TCD50(SDambient) (B) and slopes of the residual γH2AX nfoci dose response 
curves of the in vivo (open circle) and ex vivo (open triangle) cohort were plotted. The TCD50 
values were previously published [15,16,21]. Error bars represent 95% confidence intervals 
(95% CI) and standard errors (SE) for TCD50 values and the SDRC, respectively. The vertical 
dotted lines at SDRC = 0.55 and 0.7 represent a possible range of the SDRC for the 
classification between resistant and sensitive tumors. The horizontal dotted line represents the 
conventional clinical radiation dose (CRD = 70 Gy) for head and neck cancer treatment. Note: 
Different scaling on y-axis, TCD50(12fx/6weeks) was used for SKX due to its high radiosensitivity. 

Table 1. Linear regression analysis of residual γH2AX nfoci dose response of in vivo irradiated 
tumors and ex vivo irradiated biopsies from five hHNSCC models. The differences of the slopes 
of the dose response curves (SDRC) between the in vivo irradiated tumors and the ex vivo 
irradiated biopsies for each tumor model were determined by ANCOVA. TCD50 after irradiation 
with single dose under ambient condition (SDambient) and 30 fractions within 6 weeks (30fx/ 6 
weeks) are shown. 

  Resistant Sensitive 

  UT-SCC-5 Cal33 FaDu UT-SCC-45 SKX 

in
 v

iv
o

 Slope [± SE] 0.45 ± 0.07 0.49 ± 0.04 0.38 ± 0.03 1.5 ± 0.10 0.79 ± 0.10 

95% CI 0.31; 0.59 0.42; 0.56 0.31; 0.45 1.31; 1.70 0.58; 1.00 

P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ex
 v

iv
o Slope [± SE] 0.40 ± 0.05 0.51 ± 0.03 0.19 ± 0.03 1.48 ± 0.12 0.81 ± 0.06 

95% CI 0.31; 0.50 0.44; 0.58 0.13; 0.24 1.23; 1.72 0.68; 0.94 

P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

P value (Significance 
between slopes) 

0.649 0.666 <0.001 0.847 0.855 

TCD50 (30fx/ 6 weeks)
[16,21] 

[95%CI]  
117.2 

[103; 140] 
105.2 

[90; 141] 
85.2 

[77; 96] 
45.4 

[38; 52] 
11.76 

[11.3; 12.2]a,b 

TCD50 (SDambient)
[15,21] 

[95%CI] 
42.7 

[38; 48] 
38.1 

[32; 45] 
38.9 

[35; 44] 
23.3 

[15; 29] 
14.9 

[10.9; 18.9] 
a Standard deviation  
b TCD50 fx values after irradiation with 12 fractions within 6 weeks 


