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Title: Photoacoustic imaging for the prediction and assessment of 

response to radiotherapy in vivo 

Abstract: Radiotherapy is commonly used for cancer therapy, although its efficacy is reduced 

in hypoxic regions of tumours. Photoacoustic imaging (PAI) is an emergent, non-invasive 

imaging technique that allows the measurement of blood oxygen saturation (sO2) which 

inversely correlates with hypoxia in tissue. The potential use of PAI as a prognostic tool for 

radiotherapy outcome was investigated in a head and neck cancer model in vivo. PAI was 

performed before delivering a single fraction (10, 20 or 30 Gy) treatment. The results show 

that tumours with pre-treatment higher blood sO2 responded better than those with lower 

levels in the 10 and 20 Gy groups. For the 30 Gy group, treatment response was 

independent of blood sO2. The haemoglobin content of the tumours was not correlated with 

their response to any of the radiation doses studied. Changes in sO2, monitored at 24 h and 

96 h following 10 and 20 Gy doses, showed that tumours that were subsequently 

unresponsive to treatment had an increase in blood sO2 at both time points compared to 

those which subsequently regressed after radiotherapy. The results suggest that sO2 values 

measured by photoacoustic imaging can be used before, and shortly after, irradiation to 

predict subsequent treatment response. 
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Introduction 

Radiotherapy (RT) is one of the most effective cancer treatments. However, tumour cells are 

often hypoxic, making them resistant to radiation damage [1-4] and, consequently, the 

probability of disease recurrence after treatment increases [5, 6]. The use of higher radiation 

doses can reduce this problem, but this increases morbidity due to damage to normal tissue 

and late radiation side effects [7]. The distribution of hypoxic regions within a tumour is 

known to be both spatially heterogeneous and temporally variant [8, 9], over periods from 

hours to days. Identification of hypoxic tumours or hypoxic regions of a tumour may identify 

patients or tumour regions that would require dose escalation, potentially sparing the 

patients from ineffective therapy.   

The distribution of hypoxia can be inferred using a number of imaging approaches [10], some 

of which involve the use of hypoxia reporter molecules or quantification of blood oxygen 

saturation (sO2).  Positron Emission Tomography (PET) is the current gold standard, but the 

poor perfusion restricts access of the hypoxia-targeted imaging probes to map the spatial 

heterogeneity in hypoxia [11, 12]. This is also true for phosphorescence quenching [13], 

electron paramagnetic resonance [14], dynamic contrast enhanced-magnetic resonance 

imaging (DCE-MRI) , and in general for such tracer based imaging approaches. 

Tumour hypoxia has been shown to be associated with a decrease in blood sO2 [15]. Blood-

oxygen level dependent MRI (BOLD-MRI) can infer the hypoxia distribution in tumour tissue 

by imaging the transition of deoxyhaemoglobin (Hb) to oxyhaemoglobin (HbO2) in blood, on 

changing from air (21% oxygen) to 100% oxygen gas breathing [16-20]. However, BOLD-

MRI cannot estimate absolute blood sO2. 

Photoacoustic imaging (PAI) has demonstrated the potential for quantifying absolute blood 

sO2 by identifying the unique optical absorption signatures of Hb and HbO2  without the need 

for tracers [21]. Light, delivered by a laser, is absorbed by components of tissue, which 

undergo thermoelastic expansion, thus stimulating transient wideband ultrasonic wave 

generation. The intensity (or amplitude) of acoustic signals is proportional to the absorption 

coefficient and the optical fluence [21] of the tissue, and can be  measured on the tissue 

surface using ultrasound detectors.  

PAI has been used to identify regions of tissue more likely to be hypoxic, pre-clinically in 

subcutaneous tumours and in the brain [19, 22-26], and clinically in breast cancer patients 

[27]. This was achieved by comparing the results obtained from photoacoustic imaging with 

immunohistochemical hypoxia markers and other imaging modalities, such as BOLD-MRI 

and microbubble contrast-enhanced high frequency ultrasound. These studies found good 

correlation between regions with low sO2 and those identified as potentially hypoxic. Our 

group has also found a good correlation between the distribution of pimonidazole, an 

exogenous hypoxia marker, and the sO2 distribution measured by PAI [28]. 
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Here, we hypothesize that PAI can be used for assessing tumour oxygenation status in a 

preclinical head and neck cancer model before, and after, single fraction radiotherapy 

treatments, and that these blood sO2 measurements would correlate with treatment 

outcome. We have also also explored the capability of individual haemoglobin components 

(Hb, HbO2 and total haemoglobin, HbT) and ΔsO2 (sO2 (oxygen) - sO2 (air)) to predict and 

monitor radiotherapy response. The last parameter can be obtained from an oxygen 

challenge test and it has been shown to allow the delineation between different tumours’ 

vascular characteristics [29], as oxygen can be used as a contrast agent for hypoxia studies. 

 

Results  

Pre-irradiation imaging for predicting tumour outcome 

We assessed the potential of PAI to predict RT efficacy by imaging animals bearing 

subcutaneous CALR tumours, 24 h and immediately before delivering a single boost RT dose 

(10, 20 or 30 Gy) to the tumour. Data was acquired under both medical air and 100%-oxygen 

breathing conditions. One imaging dataset acquired prior to delivering a RT dose of 10 Gy 

was excluded due to an artefact masking the signal in the tumour (Fig. S1). 

Fig. 1 shows the normalised tumour growth curves (caliper measurements) for the control 

(CTRL), 10, 20 and 30 Gy cohorts, subdivided into groups by the level of response to RT 

dose: full-responders (FR), partial-responders (PR) and no-responders (NR). The NR growth 

curves, shown in red, are within the range of variability of the tumour growth for the control 

cohort, shown in black. There was no difference in the survival of the NR cohort in 

comparison to the control group. FR, represented in green, had a tumour volume decrease, 

reaching 0 mm3, i.e. no macroscopic signs of disease were palpable. The lack of palpable 

tumour mass was maintained for the remaining 60 day follow-up period. The average time 

after-RT at which tumour volume, V, decreased below the initial volume, V0, was 29±8 days 

for 10 Gy, 9±6 days for 20 Gy and 11±5 days for 30 Gy. The survival of the full responders 

was increased compared to the controls. The PR growth curves, represented in blue, 

showed that there was an increase in the survival of the mice compared to that of the control 

cohort, i.e. some tumours regrew and some maintained a stable volume above V0. 

 

Average blood sO2 results 

Fig. 2A shows representative ‘oxymaps’, i.e. maps of the calculated blood sO2, for the 

tumour central slice, for the 10 Gy cohort, from the FR, PR and NR groups, immediately pre-

RT, during air-breathing. The ‘oxymaps’ are shown overlaid on greyscale photoacoustic 

images, in order to visualise where, within the tumour, the blood sO2 is being calculated. 

‘Oxymaps’ of tumours of FRs had majority of pixels corresponding to high values of sO2, 
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while those of PR and NR tumours had substantial pixels corresponding to low blood sO2. 

The ‘oxymaps’ for the entire 10 Gy cohort, immediately pre-RT (air-breathing), are shown in 

Fig. S1. 

The blood sO2 values were averaged over three central tumour slices and measured 24 h 

and immediately before delivering 10 Gy irradiation. As seen in Fig. 2B and Table 1, the FR 

cohort had statistically significantly higher levels of blood sO2 (0.660.02 and 0.730.02 for 

air- and oxygen-breathing, respectively, immediately pre-RT) in comparison to the PR 

(0.510.08 and 0.550.1 for air- and oxygen-breathing, respectively) and NR (0.440.05 and 

0.470.04 for air- and oxygen-breathing, respectively) cohorts. FRs had a significantly higher 

average blood sO2 values compared to the control group, apart from immediately pre-RT 

measurements during air-breathing (Table 1). On the other hand, NR tumours, imaged 

immediately pre-RT, had significantly lower average blood sO2 (0.440.05 and 0.470.04 for 

air- and oxygen-breathing, respectively) than the controls (0.580.06 and 0.640.06 for air- 

and oxygen-breathing, respectively). 

The 20 Gy group had only one PR with average blood sO2 levels similar to those of NR. 

Therefore all the PAI data for this animal was combined with the NR data, and this combined 

group was compared with the FR cohort. The tumour averaged blood sO2 values, obtained 

24 h and immediately before delivering 20 Gy irradiation, are shown in Fig. 3 and Table 1. 

During both air- and oxygen-breathing imaging conditions, tumours which went on to have a 

full response (n=7) had statistically significantly higher blood sO2 (0.630.09 and 0.710.11 

for air- and oxygen-breathing, respectively, immediately pre-RT) than those with partial- and 

no-response (n=3, 0.500.02 and 0.550.01 for air- and oxygen-breathing, respectively, 

immediately pre-RT). This difference was also observed 24 hours pre-RT. Twenty-four hours 

pre-RT, FR had significantly higher average blood sO2 (0.630.08 and 0.730.07 for air-  and 

oxygen-breathing) than the control cohort (0.520.07 and 0.620.07 for air- and oxygen-

breathing). NR tumours had significantly lower sO2 immediately pre-RT compared to the 

control cohort, but only during oxygen-breathing (0.550.01 and 0.640.06, for NR and 

control cohorts, respectively). 

For tumours irradiated with 30 Gy the association between pre-treatment average blood sO2 

and radiation response was weaker. This could be because majority of the tumours 

responded to the high dose, irrespective of their blood sO2. One tumour had a low average 

blood sO2 (0.35±0.01 24 h pre-RT and 0.41±0.01 immediately pre-RT) and went on to 

respond fully to the radiation (Fig. 4 and Table 1). Although the average blood sO2 for FR 

was higher (0.560.07 and 0.610.10 for air- and oxygen-breathing, immediately pre-RT) 

than for PR (0.450.07 and 0.500.03 for air- and oxygen-breathing, immediately pre-RT), 
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there were no statistically significant differences between the two groups. Nevertheless, PR 

had significantly lower average blood sO2 than the control cohort (Table 1). 

 

ΔsO2 and haemoglobin results 

 

The difference in measured blood sO2 during air- and oxygen-breathing (sO2) and its 

relationship with treatment outcome was also investigated, 24h and immediately pre-RT. No 

significant differences were found between FR, PR and NR groups, at 10, 20 or 30 Gy 

(Tables S1-S3). 

The average oxy- (HbO2), deoxy- (Hb) and total haemoglobin (HbT) were measured for each 

tumour, at the two time points before treatment, to study if haemoglobin levels could also be 

used as a predictive factor to radiotherapy outcome. Mostly, there were no statistically 

significant differences in these PAI parameters between the FR group and PR/NR 

irrespective of the radiation dose (Tables S1-S3). However, for tumours irradiated with 10 

Gy, there was a significant difference between FR and PR groups 24 h pre-RT (p-value of 

0.041* during air-breathing and 0.0019** for oxygen-breathing; Table S1). FR had, on 

average, less HbO2 (63 ± 17 A.U. for air-breathing, 54 ± 17 A.U. for oxygen-breathing) than 

PR (143 ± 44 A.U. and 120 ± 17 A.U. for air- and oxygen-breathing, respectively). This 

significance was only observed for this comparison, so it is likely to be an outlier. 

 

Post-irradiation imaging for treatment monitoring 

The potential of PAI to monitor RT treatment response was investigated by estimating blood 

sO2 and haemoglobin levels of animal tumours 24 h and 96 h post-RT. 

 

Average blood sO2 results 

 

Fig.5A shows representative tumour ‘oxymaps’, for the 10 Gy cohort, obtained 96 h post-RT 

(air-breathing), for one FR and one NR. Immediately pre-RT, the FR ‘oxymaps’ had 

predominantly red pixels, indicating an average sO2 > 0.5, while NR ‘oxymaps’ had largely 

white and blue pixels, suggesting sO2  0.5. Ninety-six hours post-RT, an increase in blue 

pixels at the centre of the FR tumour (Fig. 5), was observed, suggesting a decrease in the 

mean blood sO2. On the other hand, in the NR tumour, an increase in the red pixels or high 

blood sO2 regions was observed 96 h post-RT, particularly in the margins of the tumour. The 

remaining ‘oxymaps’ for the 10 Gy cohort are shown in Fig. S1 

The percentage change in average blood sO2 measured at 24 h and 96 h post-RT with 

respect to the baseline (i.e. that measured for the same tumour immediately pre-RT) for the 

control and 10 Gy cohorts are shown in Fig. 5B and Table 2. The mean percentage change 
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in average blood sO2 for the control animals was close to zero, for both air- and oxygen-

breathing, at both time points. As seen in Fig. 5 the mean percentage change in blood sO2 

for the FR and the NR cohort, was consistently negative and positive, respectively at both 

time-points post-RT. There was no statistically significant difference between the control and 

FR cohorts. Interestingly, the NR group showed a statistically significant increase in blood 

sO2, at both 24 h and 96 h post-RT, in comparison to either the FR or control groups, during 

air- or oxygen-breathing imaging (Table 2). The partial-responders (PR) had a positive 

percentage change in average sO2 at both 24 h and 96 h post-RT, although there were no 

statistically significant differences between these and the remaining response groups or 

control cohort. 

The percentage change in blood sO2 at 24 and 96 h post 20 Gy irradiation, with respect to 

blood sO2 pre-RT, is shown in Fig. 6 and Table 2. Similar to the observations in the 10 Gy 

cohort, the FRs and NRs had a mean negative and positive percentage change in blood sO2, 

respectively, for both time points post RT. There was no statistical difference between the FR 

and NR groups for the 24 hour time-point.  However, at 96 h post RT, there was a statistically 

significant difference in the percentage change of blood sO2 for the NRs (25  16 % for air-

breathing and 26  15% for oxygen-breathing) in comparison to the FRs (-8  18 % for air-

breathing and -6  21% for oxygen-breathing). The ‘oxymaps’ of the 20 Gy cohort are shown 

in Fig. S2. 

‘Oxymaps’ of tumours (Fig. 7) depict changes in blood sO2 which occurred 96 h post-

irradiation with 30 Gy, during air breathing. One of the full-responders had high blood sO2 

levels throughout most of the tumour prior to irradiation (Fig. 7, top row), which was greatly 

reduced by 96 h post-RT. A different tumour, which also responded fully to treatment, had a 

large region with low baseline blood sO2, which displayed increased oxygen saturation levels 

96 h post-RT, particularly in the middle and at the margins closest to the mouse body. The 

‘oxymaps’ for the PR tumour also showed regions with increased sO2 (pink) 96 h post-RT 

compared with the baseline. The remaining ‘oxymaps’ for the 30 Gy cohort, pre-RT and 96 h 

post-RT (air-breathing) are shown in Fig. S3. 

The percentage change in blood sO2 at 24 and 96 h post 30 Gy irradiation with respect to the 

baseline blood sO2, pre-RT, is shown in Fig. 8 and Table 2. In contrast to the FRs of the 10 

Gy and 20 Gy cohort, the FRs of the 30 Gy cohort, demonstrated a mean positive 

percentage change in blood sO2 at both time-points 24 h (6±17% and 6±11% for air- and 

oxygen-breathing, respectively) and 96 h (7±18% and 13±18% for air- and oxygen-

breathing, respectively), post RT. Of the full-responders, 5/8 animals showed an increase in 

sO2 during air-breathing (19±10%) and 6/8 animals during oxygen-breathing (22±11%), 96 h 

post-RT. Similar to the 10 Gy and 20 Gy cohort, the PRs of the 30 Gy cohort demonstrated a 

mean positive percentage change (>15±2%) in blood sO2 for both time points. During 
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oxygen-breathing, tumours showing a full response had significantly higher blood sO2 than 

controls at 96 h post-RT, whilst the blood sO2 of partial-responders was significantly higher 

at both 24 h and 96 h post-RT.  

 

ΔsO2 and haemoglobin results 

The differences in sO2 between immediately pre-RT and the two time points after 

treatments, 24 h and 96 h, were also investigated. No significant differences or trends for 

sO2 were found between treatment response groups, for any of the dose cohorts (10, 20 

and 30 Gy), at either 24 h or 96 h post-RT (Tables S4-S6). 

Tumour haemoglobin levels 24 h and 96 h post-RT were not statistically significantly different 

from baseline for any of the treatment response (FR, PR and NR) or control groups, 

regardless of RT dose (10, 20 and 30 Gy; Tables S4-S6). One exception, however, was that 

2 PR tumours, irradiated with 30 Gy, had a significant decrease of 65% or 44% in the level of 

deoxy-haemoglobin (Hb) at 96 h post-RT compared to immediately pre-RT, during air-

breathing.  

 

Discussion 

In this study, we have tested the hypothesis that ‘PAI can predict and monitor tumour 

response to RT’. The tumoural blood sO2, ΔsO2 and haemoglobin levels (specifically Hb, 

HbO2 and HbT) were estimated using PAI, prior to and shortly after delivering RT doses of 

10 Gy, 20 Gy and 30 Gy to test the hypothesis.  

Radiotherapy response categories were chosen to reflect the different types of tumour 

growth behaviour seen in response to radiation treatments. From Fig.1, it is possible to 

observe that while for 10 Gy, only 3/13 tumours regressed, the majority of tumours treated 

with 20 Gy (7/10) and 30 Gy (8/10) did so. The regression took longer in the 10 Gy cohort 

(298 days) than in the 20 Gy (96 days) and 30 Gy (115 days) groups. This was expected 

as the higher the ionising dose, the greater the cellular damage, with more tumour cells 

dying [30, 31]. The proportion of NR was greater for 10 Gy (5/13) than for 20 Gy (2/10), and 

all 30 Gy treatments resulted in full- or partial-response. 

The PR group contained both tumours that regrew and those that stopped growing after RT, 

with no tumour regression. One of the consequences of hypoxia is that cells enter a dormant 

state, in which they proliferate more slowly than normoxic cells, but also remain viable for 

long periods of time [32]. If new vasculature is formed or reoxygenation occurs after 

radiotherapy, these cells may leave their dormant state and proliferate [33]. This may be the 

mechanism involved in the different behaviour of PR tumours seen after RT, with tumours 
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that regrew possibly being reoxygenated during the 60 day follow up period of this study, 

while tumours with growth inhibition were not.  

Hypoxia is a microenvironmental feature which results in radioresistance and, consequently, 

increases the risk of unsuccessful RT treatment. This study has investigated whether tumour 

blood sO2 measured with PAI, 24 h or immediately before treatment, could predict response 

to 10, 20 or 30 Gy irradiation doses. The results showed a clear trend for FRs having higher 

average pre-treatment blood sO2, in the 10 and 20 Gy radiation groups, than the PRs or NRs 

(Figs. 2 and 3). The FR tumours from the 10 Gy cohort also had significantly higher baseline 

blood sO2 values (Fig. 2) than the controls, suggesting that high pre-treatment sO2 (>0.65) 

might be predictive of a good response to radiotherapy. 

In line with this, blood sO2 levels at baseline  of 10 and 20 Gy non-/partial-responders were 

significantly lower than those of the controls (Figs. 2 and 3). This indicates that tumours with 

relatively low blood sO2 might respond poorly to treatment. Nevertheless, while for 10 Gy 

only a partial-response was observed, for the 20 Gy cohort a full-response was obtained, 

probably due to the greater level of radiation damage to the tumour. The results for the 30 Gy 

group show a full response to treatment for a wider initial sO2 range (0.38 to 0.68 pre-RT for 

air-breathing), and hence an increased percentage of tumour remissions, 80%, was 

observed (Figs. 1 and 4). Since 30 Gy is a high single fraction dose, it is likely that even 

hypoxic cells are not resistant to the dose. This treatment efficacy was also seen for one 

animal in the 20 Gy radiation group which had a low sO2 value of 0.43±0.02 immediately pre-

RT. 

The potential to use PAI in the clinic to screen patients before radiotherapy and thus to 

personalise their radiotherapy exposure to their measured blood sO2 would allow the 

reduction of dose in some patients to avoid side effects and its increase in others to avoid 

reduced efficacy. Other research groups have demonstrated, in clinical and pre-clinical 

models, that tumour oxygenation levels prior to radiotherapy correlate with treatment 

outcome [34, 35]. For example, Nordsmark et al. [36], in 1996, found that patients’ head and 

neck tumours with low (< 2.5 mmHg) partial oxygen (pO2), measured using oxygen 

electrodes, had significantly lower loco-regional tumour control. Similarly, a better RT 

outcome for better oxygenated tumours (pO2 > 2.5 mmHg) has been shown in subcutaneous 

C3H mammary carcinomas, in mice [37]. HÖckel et al. [38], using needle electrodes, found 

that cervical cancer patients with low tumour pO2 (median threshold <10 mmHg) tumours 

had significantly worse overall survival than those with better oxygenated tumours (80 

months). Non-invasive imaging techniques, such as positron emission tomography (PET) 

[37, 39-41] and magnetic resonance imaging (MRI) [42-45] have also been used before 

delivering RT to infer hypoxia, demonstrating that tumours with higher hypoxic fractions were 

associated with worse response to treatment than those with lower hypoxic fraction, similar 
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to our findings. To the authors’ knowledge, there are no studies which compare the capability 

of PAI, MRI and PET for predicting RT effectiveness but this would be worth investigating. 

Besides the analysis of blood sO2, the individual components of haemoblogin, deoxy- (Hb) 

and oxyhaemoglobin (HbO2), as well as the total amount of haemoglobin (HbT), were 

analysed to investigate their relationship with treatment outcome. The total haemoglobin 

findings were concordant with those obtained in another study by Rich et al. [25], suggesting 

this parameter is not a predictive factor for tumour response to radiotherapy. Nordsmark and 

Overgaard [46], while investigating the relationship between hypoxia and tumour control after 

radiotherapy, showed that oxygenation in tumours, measured using Eppendorf oxygen 

electrodes, was independent of total haemoglobin levels, obtained from a venous blood 

sample acquired before the treatment. Also, Joseph et al. [47] found that a higher coefficient 

of variation (CoV) was expected for haemoglobin than for sO2 over either short periods of 

time (hours) or longer ones (days), as we have confirmed in a previous study [48]. This 

higher CoV makes Hb, HbO2 and HbT less predictive parameters than blood sO2. 

Another parameter which was not predictive of treatment outcome was sO2. Tomaszwwski 

et al. [29] has shown in 8 nude mice bearing PC3 prostate cancer that sO2 is linearly 

correlates with an increased uptake of indocyanine green (ICG), suggesting also an increase 

in HbT. This implies that if haemoglobin was not a predictive factor in radiotherapy, sO2 

should also not be one. 

The differences between average blood sO2 before and after treatment were also analysed. 

In the control cohort, whilst 3 tumours showed an increase in oxygenation (of 3 to 25%, air-

breathing) from baseline to 96h post-RT, for all the others (n=7) the opposite effect (-3 to -

22%, air-breathing) was observed. It is likely that in the latter cases, tumours were 

outgrowing their blood supply, whereas in the former we hypothesise that neoangiogenesis 

(the production of new vasculature) has occurred and oxygenation has met or exceeded the 

demands of these tumours. In fact, we have shown [28] that tumours with faster growth rates 

have a larger decrease in blood sO2 over time compared to those with lower growth rates.  

It is important to highlight that radiation dose, along with type of tumour and level of 

oxygenation pre-treatment, can affect the level of blood oxygenation post radiotherapy [49]. It 

has been shown that while conventionally fractionated low-dose radiotherapy (~2 

Gy/fraction) tends to preserve vasculature, hypofractionated-doses (>10 Gy/fraction) are 

likely to cause vascular collapse, due to endothelial cell death [50, 51], and subsequently a 

decreased blood sO2. This is one of the arguments for using hypofractionated RT, as 

vascular collapse results in a decrease in oxygen and nutrients to the tumour and 

consequently in secondary cell death [49]. Garcia-Barros et al. [52], for example, showed 

that for large single doses (10 to 20 Gy), microvascular damage was observed in murine 
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fibrosarcoma (MCA/129) and melanoma (B16F1) murine xenograft models within 6 hours of 

irradiation with subsequent tumour cell death. 

In our study, for both 10 and 20 Gy exposure groups, i.e. hypofractionated regimes, the FR 

cohort showed no change, or a mean decrease, in blood sO2 both 24 h (0.3 ± 5 to -10 ± 6%) 

and 96 h post-RT (-8 ± 18 to -13 ± 10%). One possible explanation for this trend is endothelial 

cell death causing blood vessel collapse. Interestingly, Rich et al. [53] used patient-derived 

xenograft head and neck squamous cell carcinoma (HNSCC) models and showed a positive 

correlation between increased PAI measured blood sO2 24 h post-RT (15 Gy) and tumour 

growth inhibition 2 weeks later. We had similar observations for the FR tumours of the 30 Gy 

cohort. In contrast to the 10 and 20 Gy cohorts, the FRs in the 30 Gy group had a mean 

increase in blood sO2 at 24 h (6±17% and 6±11%, for air- and oxygen-breathing, 

respectively) and 96 h post RT (7±18% and 13±18%, for air- and oxygen-breathing, 

respectively). It can be speculated that for a high dose (30 Gy), the CALR tumour cells are 

drastically damaged reducing the oxygen demand. The increase in blood sO2 might also be 

due to acute inflammation arising due to a large radiation dose being delivered in one single 

fraction [49].  

On the other hand, a trend for an increase in post-RT average blood sO2 relative to baseline 

(13 ± 8 to 26 ± 15 %) was observed for PR and NR. This could be due to a lack of endothelial 

cell death, which then cannot counteract physiological phenomena such as inflammatory 

processes due to acute radiation treatment or the development of a new matured vascular 

network after radiation. Both processes are common after radiation and can influence tumour 

oxygenation [54, 55]. In fact, some studies have suggested that formation of new vessels 

post-RT is often observed before a tumour regrows and drastically affects tumour control 

[56-59]. 

The lack of histological evidence here allows only speculation about the underlying 

physiological mechanisms occurring after radiotherapy, such as endothelial cell death, 

tumour reoxygenation or inflammation.  Histopathology was not possible for this study as the 

main aim was to obtain long-term (60 days) tumour volume measurements for the accurate 

evaluation of response to treatment. In the future, animals will be imaged at regular intervals 

within the first 24-96 hrs, and oxygenation changes will be evaluated histologically to 

investigate the timing of these changes. It was also not possible to validate the hypoxic state 

of tumours before treatment, which could be done using exogenous markers, such as 

pimonidazole, or other imaging techniques, such as BOLD-MRI or PET. However, our group 

has shown the good agreement between PAI measurements of blood sO2 and pimonidazole 

staining in another paper [28]. While initial results are encouraging, further investigation is 

necessary with a larger number of animals, as some radiation exposures resulted in 

response groups with a small number of animals (<5). 
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This study shows the potential for using the average blood sO2 measured in tumours by PAI, 

under both medical air (21% O2) and 100% oxygen-breathing conditions, before RT to 

predict their response to radiotherapy, which has been demonstrated here for the first time. 

In addition, the potential to monitor treatment outcome was demonstrated. PAI measured 

changes in average blood sO2 at 24 h and 96 h post-RT compared to those pre-RT showed a 

trend for a decrease in this parameter to be correlated with better tumour response, 

particularly for the later time point. Thus the potential for using photoacoustic imaging as 

both a predictive and a treatment assessment tool for radiotherapy has been showed in this 

paper. 

 

Methods 

Cell line and xenograft model 

A human HNSCC  cell line, CALR, was cultured in vitro as described previously [60].  

Xenografts were established by injecting 5 x 105 cells subcutaneously, into the right flank of 

female mice (FOXnun1, 6 weeks old, ~25 grams). All research was conducted under the 

Guidelines for Animal Welfare as per recommendation by the UK Home Office Animals 

(Scientific Procedures) Act 1986 [61] and the ARRIVE guidelines [62]. 

Tumour size was measured non-invasively using callipers every 2 or 3 days, in 3 orthogonal 

directions (length (l), width (w) and height (h)). An ellipsoidal shape was assumed and the 

tumour volume (V) calculated using equation (1). 

(1) 

V (𝑚𝑚3) =  
π

6
× l × w × h 

Tumours were measured from 8 to 10 days after cell injection until either the tumour 

approached the maximum permissible dimensions (average of the 3 dimensions  12 mm or 

one dimension reached 15 mm) or 60 days post-radiation was reached.  

 

Radiation treatment  

 

Animals were irradiated in a computed tomography (CT) imaging guided Small Animal 

Radiation Research Platform (SARRP, XStrahl, Camberley, United Kingdom). The dose-rate 

of the SARRP was 2.5 Gy.min-1 and energy was 225 kV. Treatment planning was performed 

using the Muriplan© software provided by the manufacturer [63]. The radiation dose was 

prescribed to the treatment isocentre which was positioned at the centre of the tumour as 

visualised in pre-treatment CT images. A square 10x10 mm collimator, the largest available, 

was chosen to ensure the exposure of the whole tumour. The number and orientation of 

treatment beams were then chosen. For 30/33 animals, two parallel-opposed beams were 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 23, 2018. ; https://doi.org/10.1101/329516doi: bioRxiv preprint 

https://doi.org/10.1101/329516
http://creativecommons.org/licenses/by/4.0/


13 

 

used, at 0o and 180o (i.e. vertically downwards and vertically upwards), to obtain a uniform 

dose distribution within the tumours and to spare adjacent normal tissue. The planning 

software displays the 10, 20, 60, 80, 95 and 105% isodose lines within the collimator 

boundaries. For treatment planning the whole tumour was required to lie within the 95% 

isodose contour. If the tumour was wider than the collimated field, third and fourth beams 

were added, delivered both at 0o and 180o, using a 3 mm or 5 mm collimator to ensure 

treatment of the whole tumour. For 3 animals, in order to avoid exposure of healthy tissue 

such as the spinal cord, the treatment delivery angles were adjusted to be oblique i.e. up to 

25o and 155o. No other techniques for avoiding the exposure of healthy tissue were 

employed. 

When tumour volume reached approximately 200 mm3, animals were divided into 4 groups, 

with each prescribed a different radiation dose which was delivered in a single fraction: 

 Controls (0 Gy): N  = 10; 

 10 Gy: n=13, total treatment time ~4 minutes; 

 20 Gy: n=10, total treatment time ~8 minutes; 

 30 Gy: n=10, total treatment time ~12 minutes. 

 

Treatment response assessment 

Radiation treatment outcome was evaluated for up to 60 days after delivery, using calipers 

for tumour volume measurement, and it was classified as follows: 

 No response (NR): the rate of tumour growth remains within the range of the control, 

non-irradiated group with no increase in survival. 

 Partial response (PR): either a reduced tumour growth rate following RT or tumour 

regression after RT followed by regrowth at a later time.  

 Full response (FR): tumour size decreased with some tumours becoming 

undetectable.  

 

Photoacoustic Imaging 

 

Animals were imaged using the MultiSpectral Optical Tomography small animal imaging 

device (MSOT, iThera, Germany), as described in [48]. Before imaging, animals were 

anaesthetised by intraperitoneal injection of a combination of hypnovel (1:3), fentanyl (1:3) 

and medetomidine (1:3). For all imaging sessions, animals were equilibrated for 5 minutes in 

water at 34oC prior to imaging. Initially, medical air (21%-oxygen) was provided. Immediately 

after acquisition of the first image dataset in which images of the entire tumour spaced 1 mm 

apart were obtained, the gas supply was changed to 100% oxygen, which can work as a 

contrast agent, and a second imaging sequence was started 2 minutes later in order to 
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provide enough time for the oxygen to be distributed throughout the animal. For each image 

slice, the following optical excitation wavelengths were used: 700, 715, 730, 750, 760, 800, 

850 and 900 nm. For each wavelength, photoacoustic signals from 10 pulses were 

averaged. A model-based inversion algorithm [64] (ViewMsot v3.8, iThera Medical) was 

used to reconstruct the photoacoustic signal. Neglecting any position or wavelength 

dependent laser fluence variation, the reconstructed data was spectrally unmixed using a 

linear regression algorithm provided by the company, to estimate the proportion of oxy- and 

deoxy-haemoglobin for each image pixel, [25, 64, 65].   

For imaging analysis, three central slices 1 mm apart were chosen, based on their distance 

from tumours edges observed in the reconstructed photoacoustic images. Using the 

viewMSOT software, the average Hb and HbO2 values for each ROI of the subcutaneous 

tumour were obtained and used to calculate the average HbT, resulting from the addition of 

both parameters. The average sO2 of each tumour slice was calculated as the ratio of 

average HbO2 and the average HbT. For each tumour, the Hb, HbO2, HbT and sO2 values of 

the 3 ROIs were averaged. The sO2 based on the Hb and HbO2 measurements was also 

calculated on a pixel-by-pixel basis, producing a blood sO2 distribution map, or ‘oxy-map’, for 

each slice. The difference in average blood sO2 between air- and oxygen-breathing, sO2, 

was also calculated. 

Mice were imaged both 24 hours (-24 h) and immediately before (pre-RT) treatment. Two 

pre-radiation time points were chosen rather than just one due to the intrinsic variation in 

tumour oxygenation described in the Introduction. The time points were kept within 24 hours 

to avoid a significant tumour volume changes. Images were also acquired at two post-

treatment time points, 24 hours (+24 h) and 96 hours (+96 h).  

 

Statistical analysis 

A paired 2-tailed Student’s t-test was used to test for significance in all data analysis (R 

software, version 3.4), after confirming data normality using the Shapiro-Wilk test. Statistical 

significant (*) was assumed for p-values below 0.05, very significant (**) when p-value was 

below 0.01 and extremely significant (***) when p-value was below 0.001. 
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Figure legends 

Figure 1: Normalised tumour growth curves for controls (black lines), 10, 20 and 30 Gy irradiated 
cohorts, subdivided as no-responders (NR), partial-responders (PR) or full-responders (FR). Tumour 
volume measured at each time point after treatment (V) was normalised to V0 the volume on treatment 
day. Mean tumour volumes at onset of treatment (V0) were: 10 Gy, 201±15 mm

3
; 20 Gy, 216±30 mm

3
; 

30 Gy, 214±19 mm
3
. 

Figure 2: A: Three examples of ‘oxymaps’ obtained pre-RT for the 10 Gy cohort, during air-breathing, 
for FR, and NR tumours. The ‘oxymaps’ show the calculated blood sO2 pixel-by-pixel and are overlaid 
in a greyscale photoacoustic image. Blue regions represent blood sO2 below 0.5 and pink-to-red 
regions blood sO2 above 0.5. Black regions represent pixels in which the calculated total amount of 
haemoglobin falls below 0, i.e. the amount of haemoglobin was below the system’s noise threshold. 
Yellow bars = 10 mm; B: body of the mouse; W: water, used as an acoustic coupling medium. B: 
Average blood sO2 measured 24 h and immediately before delivering 10 Gy irradiation. Black circles 
represent the average of three central PAI slices for each tumour. Black horizontal lines in the 
boxplots represent the median sO2 with the box extremities representing the 25% and 75% percentiles 
and the whiskers representing the maximum and minimum values. Full responders (FR, n=3) had a 
statistically significantly higher average blood sO2 than partial- (PR, n=5) and no-responders (NR, 
n=5) during both air- and oxygen-breathing, both 24 h and immediately pre-RT. * p-value < 0.05; ** p-
value < 0.01; *** p-value < 0.001 using a paired Student’s t –test. 

Figure 3: Average blood sO2 measured 24 h and immediately before delivering 20 Gy irradiation. 
Black circles represent the average of three central PAI slices for each tumour. Red circle represents 
the partial-responder. Black horizontal lines in the boxplots represent the median average, with the 
box extremities representing the 25% and 75% percentiles and the whiskers representing the 
maximum and minimum values. Full responders (FR, n=7) had a statistically significantly higher 
average blood sO2 than combined partial- (PR, n=1) and no-responders (NR, n=2) during both air- and 
oxygen-breathing, both 24 h and immediately pre-RT. * p-value < 0.05; ** p-value < 0.01; *** p-value < 
0.001 using a paired Student’s t –test. 

Figure 4: Average blood sO2 measured 24 h and immediately before delivering 30 Gy irradiation. 
Black circles represent the average of three central PAI slices for each tumour. Black horizontal lines 
in the boxplots represent the median average, with the box extremities representing the 25% and 75% 
percentiles and the whiskers representing the maximum and minimum values per group. No statistical 
differences (Student’s t-test) were observed between full- (FR, n=8) and partial-responders (PR, n=2).  
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Figure 5: A: Examples of tumour ‘oxymaps’ obtained immediately pre-RT and 96 h post-RT for 10 Gy 
cohort, showing the differences in blood sO2 between FR and NR at the two time points (air-
breathing). Green arrows indicate blue regions (low blood sO2) observed 96 h post-RT for the FR, 
which were not present pre-RT. White arrows indicate red regions, i.e. regions with high blood sO2, for 
the NR 96 h post-RT, which were not observed pre-RT. Yellow bar = 10 mm. B: Percentage change in 
average blood sO2 for the 10 Gy RT group between 24 hours, left column, and 96 hours post-RT, right 
column, and immediately pre-irradiation. Black circles represent the change in average blood sO2 for 
each tumour measured over 3 central slices. Black horizontal lines in the boxplots represent the 
median average, with the box extremities representing the 25% and 75% percentiles and the whiskers 
representing the maximum and minimum values per group. FR = full-responders; PR = partial-
responders; NR = no-responders. * p-value < 0.05; ** p-value < 0.01 using a paired Student’s t-test. 
 

Figure 6: Percentage change in average blood sO2 for the 20 Gy RT group between 24 hours, left 
column, and 96 hours post-RT, right column, and immediately pre-irradiation. Black circles represent 
the change in average blood sO2 for each tumour measured over 3 central slices. Red circle 
corresponds to the partial-responder. Black horizontal lines within the boxplots represent median 
blood sO2 change per group, with the box extremities representing the 25% and 75% percentiles and 
the whiskers representing the maximum and minimum values per group. FR = full-responders; 
PR+NR = partial- and no-responders. * p-value < 0.05; ** p-value < 0.01 using a paired Student’s t-
test. 

Figure 7: Three representative examples of changes in blood sO2 observed 96 h post-RT compared to 
pre-RT for the 30 Gy cohort (air breathing). Yellow bars = 10 mm. Green arrow  indicates regions with 
decreased blood sO2 96 h post-RT, white to blue regions, comparatively to the pre-RT imaging in one 
FR. Orange arrows indicate regions with increased blood sO2 96 h post-RT comparatively to pre-RT 
imaging, in one FR and PR tumours. 

Figure 8: Percentage change in average blood sO2 for the 30 Gy RT group between 24 hours, left 
column, and 96 hours post-RT, right column, and immediately pre-irradiation. Black circles represent 
the change in average blood sO2 for each tumour measured over 3 central slices. Black horizontal 
lines within the boxplots represent median average blood sO2 change per group, with the box 
extremities representing the 25% and 75% percentiles and the whiskers representing the maximum 
and minimum values per group. FR = full-responders; PR = partial-responders. * p-value < 0.05; ** p-
value < 0.01 using a paired Student’s t-test. 
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Tables 

Table 1: Average blood sO2 ( standard deviation, s.d.), acquired by PAI, for tumours irradiated with 0, 
10, 20 or 30 Gy. Treatment response groups are: FR (full-responders); PR (partial-responders) and 
NR (no-responders) and images were acquired during both air- and oxygen-breathing 24 h pre- and 
immediately pre-RT. Statistically significant differences between FR and the other response groups 
are indicated by: * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001 using a paired Student’s t –
test. 

  Average blood sO
2
 ( s.d.) for each treatment response 

  Air-breathing Oxygen-breathing 
Dose 
(Gy) 

Treatment 
response 

24 h pre-RT Immediately 
pre-RT 

24 h pre-RT Immediately 
pre-RT 

0 
Control 
(n=10)  

0.52 ± 0.07 0.58 ± 0.06 0.62 ± 0.07 0.64 ± 0.06 

10 

FR (n=3) 0.69 ± 0.03 0.66 ± 0.02  0.79± 0.01 0.73 ± 0.02  

PR (n=5) 0.51 ± 0.06** 0.51 ± 0.08* 0.60 ± 0.14* 0.55 ± 0.1*  

NR (n=5) 0.50 ± 0.05** 0.44 ± 0.05**  0.60 ± 0.09* 0.47 ± 0.04***  

20 
FR (n=7) 0.63 ± 0.08  0.63 ± 0.09  0.73 ± 0.07  0.71 ± 0.11  

PR+NR (n=3) 0.45 ± 0.02**  0.50 ± 0.02*  0.57 ± 0.03*  0.55 ± 0.01*  

30 
FR (N=8) 0.55±0.06  0.56± 0.07 0.63±0.12  0.61±0.10  

PR (n=2) 0.48±0.06  0.45± 0.07  0.48±0.06  0.50±0.03  
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Table 2: Summary of the % change from pre-treatment baseline of average blood sO2 measured 24 h 
and 96 h post-RT, per treatment response group, for control, 10, 20 and 30 Gy cohorts, for both air- 
and oxygen-breathing. Statistical differences between PR and NR to the other response groups are 
indicated by: * p-value < 0.05; ** p-value < 0.01. 

  % change in average blood sO
2 
( s.d.) 

 

  Air-breathing Oxygen-breathing 
Dose 
(Gy) 

Treatment 
response 24 h post-RT 96 h post-RT 24 h post-RT 96 h post-RT 

0 Controls -3 ± 13 -3 ± 14 0.8 ± 7 -3 ± 9 

10 

FR (N=3) -10 ± 6 -13 ± 10 -7± 10 -12 ± 14 

PR (N=5) 4 ± 12 10 ± 13 7 ± 11 17 ± 15 

NR (N=5) 17 ± 14 13 ± 8* 20 ± 7* 23 ± 9** 

20 
FR (N=7) 0.8 ± 9 -8 ± 18 0.3 ± 5 -6 ± 21 

PR+NR 
(N=3) -10 ± 5 25 ± 16* -9 ± 4 26 ± 15* 

30 
FR (N=8) 6 ± 17 7± 18 6 ± 11 13 ± 18 

PR (N=2) 19 ± 5 21 ± 10 15 ± 2* 20 ± 4* 
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