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 50 

Abstract  51 

Before microCT can be exploited to its full potential for longitudinal monitoring of transgenic and 52 

experimental mouse models of lung diseases, radiotoxic side-effects such as inflammation or fibrosis 53 

must be considered. We evaluated dose and potential radiotoxicity to the lungs for long-term 54 

respiratory gated high-resolution microCT protocols. Free-breathing C57Bl/6-mice underwent four 55 

different retrospectively respiratory gated microCT imaging schedules of repeated scans during five or 56 

twelve weeks, followed by ex vivo microCT and detailed histological and biochemical assessment of 57 

lung damage. Radiation exposure, dose and absorbed dose were determined by ionization chamber, 58 
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thermoluminescent dosimeter measurements and Monte Carlo calculations. Despite the relatively 59 

large radiation dose delivered per microCT acquisition, mice did not show any signs of radiation-60 

induced lung damage or fibrosis when scanned weekly during 5 and up to 12 weeks. Doubling the 61 

scanning frequency and once tripling the radiation dose, e.g. mimicking the instant repetition of a 62 

failed scan, also stayed without detectable toxicity after 5 weeks of scanning. Histological analyses 63 

confirmed the absence of radiotoxic damage to the lungs, demonstrating that long-term monitoring of 64 

mouse lungs using high-resolution microCT is safe. This opens perspectives for longitudinal 65 

monitoring of (transgenic) mouse models of lung diseases and therapeutic response on an individual 66 

basis with high spatial and temporal resolution, without concerns for radiation toxicity that could 67 

potentially influence the readout of microCT-derived lung biomarkers. This work further supports the 68 

introduction of microCT for routine use in the preclinical pulmonary research field where post mortem 69 

histological approaches are still the gold standard.  70 

 71 
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 74 

MAIN TEXT 75 

Introduction 76 

Human lung diseases are among the most frequent causes of morbidity and mortality in the world (1).  77 

Chronic obstructive pulmonary disease, lung fibrosis and emphysema - either without a known cause 78 

or secondary to other diseases such as infections or autoimmune disorders – are examples of 79 

devastating and life threatening conditions for which effective treatments are still lacking.  Even when 80 

in some cases the cause is obvious (e.g. smoking...), many aspects of the pathophysiology of lung 81 

diseases remain poorly understood. In order to understand etiology, prevent a disease from fully 82 

developing or progressing and find targets for effective treatment, additional research is essential.  83 

Research to unravel disease processes in the lung and to develop new therapeutic strategies in a 84 

preclinical setting heavily relies on small animal models (4, 6, 24, 25, 30, 38).  The resulting lung 85 

pathology is routinely quantified by labor-intensive ex vivo histological assessments, currently the gold 86 

standard for evaluation of pathology and its therapy in these animals.  Although histological 87 

techniques will always remain essential to unravel pathogenesis at a molecular and cellular level, they 88 
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lack the ability to provide dynamic information on disease progression and potential therapeutic 89 

effects. As the time of onset, course of disease progression and potential response to therapy in 90 

(transgenic) rodent models may be unpredictable and/ or show substantial inter-individual variation 91 

(23, 25), non-invasive techniques are indispensable to dynamically monitor disease development and 92 

progression and to establish the kinetics of pathogenic events or treatment effects for each animal 93 

individually.  Because non-invasive pulmonary function measurements have limitations regarding 94 

sensitivity, specificity and available readout (16, 19, 41), several imaging tools for the evaluation of 95 

lung disease are currently being explored (15).  Nonetheless, imaging techniques combining 96 

sensitivity with good temporal and spatial resolution in vivo are limited.  Based on its excellent air-97 

tissue contrast, in vivo microCT has proven to be an efficient and safe non-invasive method to provide 98 

dynamic quantitative information on lung emphysema and fibrosis progression including  therapy 99 

response over a time span of several weeks in mice, thereby having experimental, ethical, statistical 100 

and economic advantages compared to the standard histological approach (9).  However, before 101 

extending lung microCT scanning protocols to animal models that require more frequent scanning 102 

and/ or scanning over longer periods of time (e.g. in transgenic mouse models with slow and/or 103 

unpredictable disease onset), radiotoxicity issues that could interfere with the microCT read-out for the 104 

lung are often raised as a possible concern and must be considered.  As lungs are particularly 105 

sensitive to higher (cumulative) doses of radiation and radiation-induced lung inflammation, fibrosis 106 

and carcinogenesis are important manifestations of radiotoxic damage (18, 28, 32), these are 107 

particularly relevant potential confounding factors when using microCT in pulmonary research.  108 

Moreover, when imaging the lungs in experimental models, longer scanning times are necessary to 109 

include respiratory gating in order to avoid motion artifacts due to breathing and to provide quantitative 110 

data regarding tidal volumes (8, 9, 13).  Therefore, x-ray doses and hence the risks for radiation-111 

induced lung injury tend to be higher in microCT studies of the lung, compared to other organs.  112 

Studies assessing these radiotoxicity issues when using microCT for longitudinal mouse lung imaging 113 

are primordial but currently lacking.  Therefore, we aimed at investigating the potential radiotoxicity of 114 

repeated high-resolution retrospectively gated lung microCT scans for four different (very) long-term 115 

imaging protocols and validated our results with gold standard histochemical techniques to evaluate 116 

possible radiotoxicity-induced lung damage, thereby evaluating the safety of microCT for routine use 117 

in lung research. 118 
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 119 

Materials and methods 120 

Animals and study design 121 

All animal experiments were carried out in compliance with national and European regulations and 122 

were approved by the animal ethics committee of KU Leuven.  We used 32 adult male C57Bl/6 mice 123 

of 8 weeks of age (Janvier, Le Genest, France), kept on food and water ad libitum.  The mice were 124 

divided in 4 experimental (E1 - E4) and 4 control groups (C1 - C4) (n = 4 per group) and subjected to 125 

different longitudinal lung microCT imaging schedules (Figure 1).  After the last imaging time point, all 126 

mice were sacrificed, ex vivo microCT data were acquired (E1-E4, C1, C3) and the lungs were 127 

isolated for histological and biochemical evaluation of potential radiation-induced lung damage.  128 

MicroCT imaging 129 

For the acquisition of in vivo lung microCT scans, mice were anesthetized with 1.5 – 2 % isoflurane in 130 

100 % oxygen.  Retrospectively respiratory gated 4D microCT datasets were acquired on a dedicated 131 

small animal microCT scanner (SkyScan 1076, Bruker microCT, Kontich, Belgium) as described (9). 132 

Scan parameters were: 50 kVp X-ray source voltage combined with a 0.5 mm aluminum filter, 180 µA 133 

source current, 120 ms exposure time per projection, acquiring 9 projections per position with 0.7° 134 

increments over a total angle of 180° and field-of-view (FOV) covering the lung, resulting in a scanning 135 

time of 12 minutes and yielding four reconstructed 3D datasets with 35 µm³ isotropic voxel size 136 

corresponding to four different phases of the breathing cycle (4D).  For the single high-dose scan, 137 

exposure time was tripled to 450 ms.  Ex vivo microCT scans were acquired using the same settings, 138 

acquiring 2 projections per position.  139 

Image analysis  140 

MicroCT data were retrospectively gated, reconstructed, visualized and processed using software 141 

provided by the manufacturer (TSort, NRecon, DataViewer, CTan). Segmentation and quantification of 142 

the aerated lung volume were performed using a custom written automated algorithm that was applied 143 

to all datasets as defined, validated and described in (9).  Quantification of the mean lung signal 144 

intensity (SI, corresponding to CT number, expressed in grey values), and total lung volume was done 145 

for a volume-of-interest covering the lung, comprised of regions-of-interest that were manually 146 
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delineated on the coronal microCT images at end-expiration, thereby avoiding the heart and main 147 

blood vessels (39).  The lung tissue volume was calculated as total lung volume minus aerated lung 148 

volume. The inter-observer (n = 3) agreement on data quantification was analyzed and found to be 149 

excellent (mean Pearson’s correlation coefficient = 0.827, p < 0.0001). 150 

Dosimetry and estimation of absorbed dose 151 

See Appendix.  152 

Histological analysis and hydroxyproline quantification 153 

The left lung was collected for histopathology, inflated with 400 µl of 10 % formalin/ PBS via the left 154 

main bronchus and fixed in formalin for 24 hours.  After paraffin embedding, 5 µm sections were cut 155 

throughout the whole lung.  Five sections, with 1 mm interval, were stained with hematoxylin-eosin 156 

(HE) and used to score pulmonary fibrosis (2).  Each successive field was given an Ashcroft score 157 

ranging from 0 (normal) to 8 (total fibrous obliteration of the field).  All scores from 5 sections were 158 

averaged.  The right lung lobes were used for collagen (hydroxyproline) quantification as described 159 

(44).  Histopathological secions were examined using an Axioplan light microscope (Carl Zeiss, 160 

Oberkochen, Germany).  161 

Statistics 162 

Data were analyzed using Prism 5.04 (Graphpad Software, San Diego, CA). T-tests and one-way 163 

ANOVA followed by the appropriate post-hoc test were used to evaluate the differences between two 164 

or more groups.  Differences with p-values < 0.05 were considered significant.   165 

Results 166 

 167 

X-ray exposure and tissue-specific absorbed dose during retrospectively respiratory gated lung 168 

microCT 169 

In order to have an accurate measurement of the radiation exposure that is associated with a high-170 

resolution microCT acquisition, we measured the air kerma during a single lung microCT scan using 171 

an ionization chamber and thermoluminescent dosimeters (TLDs). The air kerma for a single 172 

retrospectively gated microCT scan as measured by the ionization chamber was found to be 1.64 ± 173 
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0.04 Gy (Figure 2, bottom panels). Air kerma measured by TLDs (n = 3) placed in the FOV of the 174 

scanner was found to be 1.640 ± 0.026 Gy.  175 

In addition, to know the radiation dose delivered to a mouse during such a scan, we performed dose 176 

measurements using TLDs that were placed at the level on the skin and in the lungs of a sacrificed 177 

mouse (Figure 2, top panels).  These resulted in a measured skin dose of 1104 ± 240 mGy and a lung 178 

dose of 813 ± 103 mGy per microCT acquisition.   179 

As the TLD measurements can be regarded as a ‘point’ measurement of dose, we were further 180 

interested in how this dose is distributed throughout the tissues and organs of a scanned mouse. 181 

Therefore, we estimated the dose absorbed by the different tissues involved (lung tissue, bone and 182 

soft tissues surrounding the lungs) by Monte Carlo calculations. The skin dose that was calculated 183 

from these simulations was 1099 mGy (Figure 3A, a), which is in agreement with the skin dose 184 

measured with the TLDs (1104 ± 240 mGy).  The total dose averaged over a lung slice within the FOV 185 

was 1130 mGy.  The average absorbed dose in soft tissue was 900 mGy, in lung tissue (excluding the 186 

air in the lungs) was estimated to be 990 mGy, while the dose absorbed in bone reached 4.5 Gy 187 

(method 2, Figure 3A, b-c).  As the absorbed dose in a voxel of a specific tissue is defined as the ratio 188 

of absorbed x-ray energy per unit of tissue mass, these results mean that a voxel of lung tissue will 189 

absorb less radiation, but also weighs less than soft tissue or bone.  Therefore, in terms of dose, the 190 

ratio turns out to be slightly higher for lung tissue compared to soft tissue – although both values are 191 

still very comparable as expected based on their mass attenuation coefficients (20). Assuming that the 192 

average dose (measured by using an ionization chamber or TLDs) for the whole mouse is 100 %, then 193 

the relative dose absorbed in bone was calculated to be 122 %, in soft tissue 34 % and in the lungs 194 

(including air) 12 % (method 1, Figure 3B).  The simulated relative deposited energy in soft tissue and 195 

lungs (including air) are in agreement with the absolute dose simulations above since the actual lung 196 

tissue only makes up ~33% of a lung voxel while the remaining part is filled with air. Taken together, 197 

these data indicate that only a part of the total radiation dose delivered to a mouse during a microCT 198 

scan, is absorbed by the lungs and more specifically, the lung tissue.  199 

 200 

No indication of radiation-induced lung damage was detected by lung microCT  201 

To evaluate a potential effect of lung damage induced by repeated lung microCT scanning on the 202 

microCT readout, healthy adult mice were subjected to repeated lung microCT scanning according to 203 
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four different regimes, designed to meet the needs of preclinical applications in lung research, as 204 

schematically represented in Figure 1: weekly and biweekly scans during a time span of 5 weeks, and 205 

weekly scans during 12 consecutive weeks. An additional group underwent twice per week a lung 206 

scan during 5 weeks, including a tripled dose mid-term in order to mimic the not uncommon situation 207 

that a scan needs to be repeated at the same time point, thereby increasing the cumulative dose that 208 

the animal is exposed to at that time. Upon visual inspection of the in vivo microCT images for 209 

individual mice, no focal spots of increased density that may correspond to inflamed or fibrotic areas 210 

could be identified as compared to controls (Figure 4).  No overt signs of possible other lung injuries 211 

such as neoplasms could be appreciated from the individual in vivo microCT images.  Moreover, from 212 

ex vivo microCT images that may reveal more details as they are devoid of blurring due to residual, 213 

non-compensated respiratory motion, no signs of lung injury could be discerned (Figure 4). The 214 

absence of any appreciable lung damage on the images was corroborated by the quantitative in vivo 215 

microCT data (Figure 5).  No differences in microCT-derived biomarkers (aerated lung volume, lung 216 

tissue volume (including potential lesions), total lung volume or mean lung SI) were found for any of 217 

the experimental groups (E1 – E4) compared to the corresponding control group (C1, C3; figure 5). 218 

Taken together, the data indicate that no apparent radiation-induced lung damage was detected by 219 

microCT for all four evaluated scanning protocols.   220 

 221 

No evidence of microCT-induced fibrosis on histopathological evaluation or hydroxyproline 222 

quantification 223 

After the last scan at 5 or 12 weeks, we scored the extent of lung fibrosis on lung sections and 224 

quantified the collagen content of lung samples to search for possible fibrotic lung injuries that might 225 

have remained undetected by microCT.  As a potential effect of one microCT scan before sacrificing 226 

the mice in the one-time-scanned control groups cannot be excluded, we compared them also with an 227 

extra control group comprised of age-matched mice that were never scanned. Ashcroft scores for lung 228 

fibrosis were zero for all animals and no differences in total lung collagen, as assessed by 229 

hydroxyproline quantification, could be found between scanned mice and controls, indicating that none 230 

of the longitudinal microCT scanning regimes induced lung fibrosis (Figure 6A). In addition, lung 231 

sections (6 per animal) of all animals were carefully inspected by a lung pathologist for pathological 232 

(such as inflammatory), cellular or architectural abnormalities and were found to show no signs of any 233 
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differences compared to healthy lungs (Figure 6B).  Moreover, none of the animals showed any signs 234 

of systemic distress such as weight loss or behavioral changes during the course of the experiment, 235 

consistent with the absence of systemic side-effects of the x-ray dose.  236 

 237 

Discussion 238 

Longitudinal microCT has shown to be very useful in preclinical lung research for providing dynamic, 239 

quantitative information of lung disease progression and therapy effects in free-breathing animals (9, 240 

26, 40), thereby having many advantages complementary to gold standard post mortem molecular, 241 

cellular and histological assays. Notwithstanding that, achieving a high signal-to-noise ratio in 242 

respiratory gated microCT images with extremely small voxel sizes (such as 35 µm³ as is the case 243 

here) requires a relatively large radiation dose to the mouse that is about 1000 times higher than a 244 

typical human chest CT examination. Therefore, concerns regarding potential radiotoxicity issues to 245 

the mouse lung due to repeated microCT itself are justified and need to be answered before in vivo 246 

microCT can be exploited to its full potential by the lung research community.  247 

In order to know the radiation dose delivered during a microCT scan, one cannot solely rely on 248 

calculating the dose by multiplying the tube current with the amount of projections and the exposure 249 

time per projection, as the result would underestimate the real dose.  This is caused by a certain ‘dead 250 

time’ in between the acquisitions of projection images and at discrete projection positions in microCT 251 

scanners, being the time needed for the detector to read the information, transfer it to the computer 252 

and to store it, which needs to be added to the dose of a single projection image acquisition (7).   253 

We measured that a mouse is exposed to >1 Gy of radiation during a single lung microCT scan, of 254 

which up to ~0.9 Gy reaches the lungs and is absorbed in lung tissue.  This is a relatively large 255 

radiation dose compared to other microCT protocols that yield lower resolution data and/or do not 256 

provide 4-dimensional data corresponding to the 4 phases of the respiratory cycle such as with our 257 

microCT protocol (8-10, 17, 43). Notwithstanding that, the radiation dose and dose-rate of a single 258 

lung microCT acquisition is not expected to result in tissue, cell or DNA damage that could affect the 259 

experimental outcome (7, 17, 21, 32, 34). However, the cumulative dose of several Greys after 260 

repeated lung scanning during longitudinal microCT examinations does require caution as potential 261 

cell and tissue damage to the lung becomes a concern, although animals are well able to recover from 262 

fractionated amounts and low dose rates of radiation exposure (10, 11, 14, 21, 29, 36).  263 
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Radiation-induced lung injury may arise depending on the total dose of radiation given, the 264 

fractionation schedule, the volume of lung irradiated, the existence of prior lung disease, and the use 265 

of chemotherapeutic drugs in the management of the disease (3, 18, 31).  The bulk of our knowledge 266 

regarding radiation toxicity to the lung originates from the radiotherapy field where the lung is the 267 

major dose-limiting organ for cancer radiotherapy. However, therapeutic radiation dose and dose-rates 268 

used in radiotherapy research are at least an order of magnitude higher than the doses delivered 269 

during a microCT study (17, 22, 32-34), and the results can therefore not be extrapolated to preclinical 270 

lung imaging studies. Nonetheless, the potential radiotoxicity of longitudinal lung microCT itself 271 

remains a hurdle in the implementation of microCT for experimental pulmonary research in spite of its 272 

advantages, until its safety for the lungs under investigation is fully established.  273 

Here we report that mice did not show any signs of radiation-induced lung fibrosis or other lesions that 274 

would potentially interfere with the microCT images and quantitative read-outs for the lungs when 275 

scanned weekly during 5 and up to 12 weeks.  Doubling the scanning frequency to twice a week 276 

during 5 weeks remained without any trace of a radiotoxic effect, indicating that the time resolution of 277 

lung microCT scanning can be safely increased within the given time frame.   A single tripling of the 278 

radiation dose also stayed within the limits of the mouse’s repair capacity and remained without 279 

detectable symptoms or lung damage after 5 weeks of scanning.  This result ensures that, for 280 

instance, a failed scan can be safely and instantly repeated without jeopardizing the experimental 281 

outcome.  We used C57Bl/6 mice, as they are widely used as a (transgenic) animal model in lung 282 

research and known to be a particular fibrosis-prone mouse strain (30, 33, 42). 283 

By using gold standard histological methods for sensitive detection of potential radiation-induced lung 284 

fibrosis and careful examination of histological lung sections by a pathologist, we could exclude the 285 

occurrence of any possible early, intermediate or late stage histopathological changes following 286 

irradiation (31) that might not have reached the detection threshold of the microCT.   287 

To the best of our knowledge, this is the first study assessing potential radiotoxic damage to the lungs 288 

during longitudinal respiratory gated microCT scanning, providing evidence that longitudinal 289 

monitoring of mouse lungs using microCT is safe using the here evaluated (very) long-term and high-290 

resolution 4D imaging protocols.  A recent study also indicated that longitudinal microCT remains 291 

without radiotoxic side-effects to heart and lungs after six weeks of repeated scanning, albeit using a 292 

much lower resolution (and hence dose) microCT protocol (10). This opens new perspectives for the 293 
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long-term monitoring of lung conditions such as fibrosis, emphysema, COPD, cancer, infections and 294 

therapeutic response on an individual basis with high spatial and temporal resolution, without any 295 

concerns for radiation toxicity that may potentially interfere with the microCT readouts within the time 296 

frame of a typical experimental lung study.  Our results also provide a safe-conduct for the use of 297 

microCT to regularly follow-up on pathology onset and progression in individual transgenic animals, 298 

overcoming issues regarding large inter-individual variability (12) and obviating the need to sacrifice 299 

valuable animals. Nonetheless, our study was limited to male, healthy animals and we did not assess 300 

the possibly altered immune response of pathology after repeated x-ray imaging, nor did we 301 

investigate other potentially altered relevant readouts such as immune cell proliferation and apoptosis.  302 

One must bear in mind that repeated microCT may still have a confounding effect when studying lung 303 

disease models such as lung cancer, infection or inflammation models that involve (rapidly dividing) 304 

cells, an immune reaction, tissue remodeling or other responses from the host that can be differently 305 

sensitive to the radiation exposure of longitudinal microCT.  In these cases, we recommend controlling 306 

for a possible effect of radiation on the disease induced for the specific model and imaging protocol, 307 

although we expect a potential effect to be minor and small compared to the inter-individual variation 308 

regarding disease itself. Where it may prove necessary but difficult to unravel subtle confounding 309 

radiation effects from intrinsic variation of the disease model, recent developments made in lung MRI 310 

may provide an alternative that is devoid of any concerns regarding the use of radiation (5, 39, 40).  311 

Looking towards the future, improving image resolution without having to compromise on radiation 312 

toxicity (i.e. by improving hardware and/ or software) may bring even better image quality and the 313 

visualization of ground-glass opacities and honeycombing… within reach of small animal CT, which 314 

would be beneficial for the translation of imaging examination results from mouse to man and back.  315 

Although image quality and radiation dose are always a tradeoff (27, 43), microCT is likely to become 316 

even safer as efforts are undertaken to optimize scan and reconstruction parameters that will enable 317 

us to maximize resolution further while minimizing dose (8, 35, 37).   318 

 319 

Conclusions  320 

Longitudinal respiratory gated lung microCT studies provide high-quality images and quantitative 321 

biomarkers for dynamic follow up of fibrosis, emphysema, transgenic animals and other lung disease 322 

models while being safe for the animal under investigation, yielding accurate quantitative information 323 
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without side effects of the in vivo x-ray exposure. This paves the way for the routine use of microCT in 324 

preclinical lung research.  325 
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Figure captions  463 

 464 

Figure 1: Longitudinal lung microCT scanning protocols. Schematic outline of the study setup and 465 

four microCT scanning regimes used in this study. A total number of 32 mice were divided in the 466 

following experimental and control groups (n = 4 per group): group E1: 1 x microCT per week during 5 467 

weeks;  group E2: 2 x microCT per week during 5 weeks; group E3: 2 x microCT per week during 5 468 

weeks, including 1 x high-dose microCT scan in week 3;  group E4: 1 x microCT per week during 12 469 

weeks;  group C1: age-matched once-scanned controls, 1x microCT at 5 weeks; group C2: age-470 

matched never scanned controls, sacrificed after 5 weeks; group C3: age-matched once-scanned 471 

controls, 1x microCT at 12 weeks; and group C4: age-matched never scanned controls, sacrificed 472 

after 12 weeks.  473 

 474 

Figure 2: Dosimetry.  Axial (left) and sagittal (right) reconstructed microCT images of a sacrificed 475 

mouse carrying three thermoluminescent dosimeters at the level of the lungs (TLDs, top row) and of 476 

the ionization chamber (bottom row), used for measuring the radiation dose of a typical lung microCT 477 

scan as used in this study.   478 

 479 

Figure 3: Monte Carlo simulations of tissue-specific absorbed dose. (A) Monte Carlo simulation 480 

input and results according to method 2, illustrating reconstructed axial microCT images indicating the 481 

voxel used for which the absorbed skin dose was estimated (a), color-scaled results of the 482 

segmentation based on tissue density into bone (yellow), lung (purple) and soft tissues (orange) (b) 483 

and the absorbed dose into these tissues (c). (B) Monte Carlo simulation input and results according 484 

to method 1, showing coronal (a, d), axial (b, e) and sagittal (c, f) slices of reconstructed anatomical 485 

end-expiratory microCT images (top row) used as input for the estimation of the relative dose (in %), 486 

illustrated in the corresponding color-scaled slices (bottom row).  The lungs are delineated in pink.  487 

 488 

Figure 4: In vivo and ex vivo lung microCT.  Axial, end-expiratory lung microCT images acquired at 489 

the last in vivo imaging time point at 5 weeks (groups E1, E2, E3 and C1) or 12 weeks (groups E4 and 490 

C3) after baseline and corresponding ex vivo images for the same mouse, acquired after the last in 491 

vivo microCT scan.   492 
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 493 

Figure 5: Quantitative in vivo microCT results. Graphs of the aerated lung volume, lung tissue 494 

volume, total lung volume and mean lung signal intensity (SI) quantified from the end-expiratory in vivo 495 

microCT data acquired at the last imaging time point of longitudinally scanned mice (for groups E1-E3 496 

at 5 weeks, for group E4 at 12 weeks after baseline) versus their respective once-scanned controls 497 

(group C1 at 5 weeks or C3 at 12 weeks).  (Error bars indicate SD of 4 mice; n.s.: not significant, *: p < 498 

0.05, **: p < 0.01, ***: p < 0.005).  499 

 500 

Figure 6: Detailed histological assessment of potential radiation-induced lung damage.  (A) 501 

Graphs of Ashcroft scores for lung fibrosis (left) and quantification of lung collagen content (right) after 502 

the last in vivo and ex vivo microCT scans at 5 weeks (groups E1-E3 and C1-C2) and 12 weeks 503 

(groups E4 and C3-C4). (B) Light microscopy images of representative (randomly selected) HE-504 

stained mouse lung tissue sections for a control mouse (C2) and longitudinally microCT-scanned mice 505 

after 5 weeks (E2) and 12 weeks (E4) at 200x magnification.  Scale bars measure 100 µm. (Error bars 506 

indicate SD of 4 mice; n.s.: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.005).  507 

 508 

APPENDIX 509 

 510 

Dosimetry and estimation of absorbed dose 511 

The radiation dose of an in vivo lung microCT scan was experimentally assessed with 512 

thermoluminescent dosimeters (TLDs, n = 3) that were placed in the scanner while using the 513 

described microCT scanning protocol.  The TLDs were calibrated with a 0.6 cm³ thimble ionization 514 

chamber (type FC-65-G, IBA Dosimetry, Germany) that has a (air kerma; kinetic energy released per 515 

unit mass, defined as the sum of the initial kinetic energies of all the charged particles liberated by 516 

uncharged ionizing radiation in a sample of matter, divided by the mass of the sample) calibration 517 

factor traceable to a standard dosimetry lab (PTB, Braunschweig, Germany) (A2), placed at the center 518 

of rotation of the scanner while using the same scanning protocol. Lung dose was measured by 519 

introducing TLDs (n = 3) in the lung of a sacrificed mouse, skin dose by placing TLDs (n = 3) on the 520 

skin of a mouse (A3).  All measurements were repeated three times and reported as mean ± SD.   521 
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The absorbed dose and its tissue distribution were simulated and estimated using the Monte Carlo 522 

methods. The simulation was designed and run by two independent Researchers 1 and 2, yielding 523 

reproducible and consistent simulation methods and results.   524 

The simulations by Researcher 1 were performed using the Monte Carlo code MCNPX, version 2.5.0.  A 525 

simplified microCT scanner geometry was used, consisting of 18 cone shaped sources, equally 526 

distributed over 360 degrees. The solid angle emission of each source was defined so that the mouse 527 

could be entirely irradiated by each source. The different sources were uniformly sampled during particle 528 

generation. According to data received by the scanner manufacturer, we described the energy of the x-529 

rays of each source using an appropriate spectrum. Cut-off energies for all particles included in the 530 

problem (photons and electrons) were kept to the minimum (1 keV). An energy tally (score) was used at 531 

each region (bone soft tissue and lungs). We also calculated the deposited energy in a lattice, 532 

superimposed to the original geometry, with 5% uncertainties on the measured dose at the level of the 533 

lung. The input geometry was generated using a plugin of the free software ImageJ (NIH, Bethesda, 534 

USA). This starts from segmented microCT images (representing bone, soft tissue and lungs) and 535 

converts them into a suitable input file for MCNPX, where each voxel is assigned to a particular material 536 

class.  537 

The simulations by Researcher 2 were performed using the Geant4 based simulation package GAMOS 538 

(A1).  The simulation workflow consisted of two parts: simulation of the x-ray beam as it leaves the x-ray 539 

tube and the energy deposition of those x-rays in the tissue.  The production of the x-ray beam is 540 

simulated by firing a fixed number of electrons onto a tungsten target.  The energy of the electrons is 541 

determined by the x-ray tube voltage (e.g. 50 kVp).  The real-world time is related to the fixed number of 542 

electrons simulated via the x-ray tube current setting. The electron interactions that generate x-rays and 543 

the possible interactions of these x-rays in the target material or the beryllium exit window of the x-ray 544 

tube are fully simulated. To determine the dose deposited by the x-ray beam in the mouse, a CT scan of 545 

the mouse was segmented in three components: soft tissue, lung tissue and bone. From this segmented 546 

image, a digital voxelized phantom was generated and imported in the simulation package.  The 547 

composition of soft tissue, lung tissue and bone are specified in the simulation according to the NIST 548 

material data for tissue, lung and cortical bone. When the x-rays from the previously generated x-ray 549 

beam pass through the digitized phantom, possible interactions are simulated and the energy loss 550 

attributed to the voxel where the interaction occurred.  In a real CT scan, the x-ray tube is rotated around 551 

the animal in many small steps. To reduce the simulation time, only 8 positions of the x-ray tube were 552 

simulated.  The 8 positions were uniformly distributed over 360°. The final amount of energy deposited in 553 

each voxel in the digitized mouse image is the sum of these 8 simulations.  To obtain the dose in a voxel, 554 
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the total amount of energy in each voxel is divided by the density of the voxel material.  In case of lung 555 

voxels it was assumed that it consists of 33 % lung tissue and 66 % air. Finally, the voxel dose is scaled 556 

according to the total scan time of a real scan. 557 

Regarding the reported output based on the Monte Carlo simulations of dose distribution, Researcher 558 

1 calculated and represented the dose absorbed in lungs (i.e. for the organ as a whole, accounting for 559 

absorption in both air and lung tissue), soft tissue and bone in a whole mouse relative to the estimated 560 

dose in the Farmer model for the ionization chamber (method 1).  Researcher 2 estimated the 561 

absorbed dose in bone, soft tissue and lung tissue (i.e. excluding the air in the lungs) in absolute 562 

terms for a slice at the level of the lungs in the FOV, using a validated x-ray beam simulation 563 

corresponding to the experimental setup and exact anatomical information from a segmented microCT 564 

slice as input for the dose estimation (method 2). The dose absorbed in a voxel is calculated as the 565 

energy of the absorbed x-rays divided by the mass of the tissue for that voxel.   566 
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